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I, Dr. Nicholas Abbott, state as follows: 

1 . Currently I am John T. and Magdalen L, Sobota Professor and Chair of the Department of 
Chemical and Biological Engineering of the University of Wisconsin, Madison. I am an inventor 
of this application. 

2. Paragraph 141 of the application discloses that "In a fourth aspect, the present invention 
provides a method for detecting an analyte, comprising: (a) contacting with said analyte a 
recognition moiety for said analyte, wherein said contacting causes at least a portion of a plurality 
of mesogens proximate to said recognition moiety to detectably switch from a first orientation to 
a second orientation upon contacting said analyte with said recognition moiety; and (b) detecting 
said second configuration of said at least a portion of said plurality of mesogens, whereby said 
analyte is detected. 

3. This paragraph accurately describes the invention which is the use of a change in 
orientation mesogens making up a liquid crystal to detect the interaction of an analyte with a 
recognition moiety. 

4. The Examiner states that "Applicants invention is not adequately described for the full 
breadth, and is limited to mesogenic liquid crystals encapsulated between two substrates prepared 
on anisotropic gold hosting an organotypic self-assembled monolayer, and detection using 
polarized light or optical spectroscopy and transmission." This statement by the Examiner is not 
scientifically supportable and is inconsistent with the disclosure in the specification and the 



scientific literature available at the time the application was filed. 

5. The passage cited by the Examiner at page 3 of the Office Action starts with a sentence 
stating that: "Substrates that are useful in practicing the present invention can be made from 
practically any physiochemically stable material." It is true, as stated by the Examiner, that the 
Examples use substrates that comprise anisotropic gold. However, when the scientific literature 
available at the time the invention was filed is considered, it is apparent that as stated in the 
specification, any physiologically stable material could be used as a substrate, and that 
anisotropic gold hosting an organic self assembled monolayer is but one example of a substrate. 

6. The following scientific papers demonstrate that a wide variety of such physiochemically 
stable substrates that orient liquid crystals were known. Some examples include: 

Anisotropic fluids. Novel colloidal interactions in anisotropic fluids, Poulin, P; Stark, 
H; Lubensky, TC, et al. SCIENCE Volume: 275 Issue: 5307 Pages: 1770-1773 
Published: MAR 21 1997 (attached as Tab 1). 

Langmuir-Blodgett films of amphiphiles. Investigations on Langmuir-Blodgett films as 
alignment layers for liquid crystals Chen, J; Vithana, H; Johnson, D, et al. 
MOLECULAR CRYSTALS AND LIQUID CRYSTALS SCIENCE AND 
TECHNOLOGY SECTION A-MOLECULAR CRYSTALS AND LIQUID CRYSTALS 
Volume: 275 Pages: 49-61 Published: 1996 (attached as Tab 2). 

Silane-covered glass. OPTICAL 2ND-HARMONIC-GENERATION STUDY OF THE 
INTERACTION OF SILANE-COVERED SURFACES WITH LIQUID-CRYSTAL 
LAYERS. BARMENTLO, M; HOEKSTRA, FR; WILLARD, NP, et al. PHYSICAL 
REVIEW A Volume: 43 Issue: 10 Pages: 5740-5743 Published: MAY 15 1991 
(attached as Tab 3). 

Polymeric films. Liquid-crystal alignment of rubbed polyimide films: A microscopic 
investigation Wu, HM; Tang, JH; Luo, Q, et al. APPLIED PHYSICS B-LASERS AND 
OPTICS Volume: 62 Issue: 6 Pages: 613-618 Published: 1996 (attached as Tab 4). 



Silanized glass; polymers (PVA, polyimides, polystyrene); inorganic oxides. 



ALIGNMENT OF NEMATIC LIQUID-CRYSTALS AND THEIR MIXTURES. 
COGNARD, J. MOLECULAR CRYSTALS AND LIQUID CRYSTALS Pages: 1-77 
Supplement: 1 Published: 1982 (attached as Tab 5). 

7. I further declare that all statement made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under section 1001 of title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 
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same Au wire by (i) allowing it to collide with the Nb 
surface or (ii) performing field emission with it such 
that there was a significant change In the microscop- 
ic configuration of its outermost atoms. The resufts of 
these experiments show that the Au tips contribute 
little to : the features in the spectra measured over the 
narrow range of energies near the Fermi level E F , 
where we are interested in .the DOS. Furthermore, 
our results were insensitive to the value of initial junc- 
tion impedance (which determines the tip height) 
over 3.5 decades (1 0 9 to 5 x 1 0 5 ohms), except for 
a constant scaling factor. 
. 8 2 . A. Roy, D. S, Buchanan, Q, JJiolrngren, D. M.JSIos- 
berg, Phys. Rev. B 31, 3003 (1985). 
9. P. D. Scholten and W. G. Moulton, ibid 15, 1318 
(1977). 

10. P. Schlottmann, ibid. 13, 1 (1976). 

11. P. G. de Gennes, Superconductivity in Metals and 
Alloys (Addison-Wesley, Reading, MA, 1989). 

1 2. Similar approaches have been used to describe STM 
measurements near a vortex [(6); J. D. Shore et a/., 
Phys. Rev. Lett. 62, 3089 (1989); F. Gygi and M. 
Schluter, Phys. Rev. B 41, 822 (1990)]. For more 
recent calculations near a vortex, see N. Hayashi, M. 
Ichioka, K. Machida, Phys. Rev. Lett. 77, 4074 
(1996). 

1 3. We have not made a more detailed comparison of the 
radial dependence between the measurement and 
the model calculation. Such' a comparison would re- 



quire us to taken into account the details of the ada- 
tom geometry, that is. the fact that at small lateral tip 
displacements (r < 4 A), most of the tunneling current 
is channeled through the impurity site [for example, 
see N. 0. Lang, Phys. Rev. Lett. 56, 11 64 (1 986)]. 

14. Our model predicts a local electron-hole asymmetry 
that oscillates and decays as a function of distance 
from the impurity. The / ■ = 0 amplitude remains con- 
. stant, but its contribution decays as a function of r. 
Gaussian averaging of the model calculation over 
typical distances averaged by STM causes a non- 
oscillatory but decaying asymmetry in the region 

- rrearthe impurity: " 

15. A. Sakurai, Prog. Thebr. Phys. 44, 1472 (1970). 

16. Varying the parameters of the calculation, we find 
that for a = 2 .5 A, we can fit the data using U ranging 
from 0 to 0.1 5 E F , while allowing J to vary by 5%. The 
bound excitation energy, that is, the peak location In 
the data, is a very sensitive function of J. 

17. M. E. Flatte and J. M. Byers, Phys. Rev. Lett., in 
press. 

18. M. I. Salkola, A. V. Balatsky, J. R. Schriefferi Physr 
Rev. B, in press. 

1 9. We thank the authors of (7 7) and (78) for their inter- 
est in our experiment and thank D.-H Lee, D. J. 
Scalapino, and M. Tinkham for fruitful discussions. 

21 November 1996; accepted 3 February 1997 
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Novel Colloidal Interactions in Anisotropic Fluids 

Philippe Poulin, Holger Stark * T. C. Lubensky, D. A. Weitz 

Small water droplets dispersed in a nematic liquid crystal exhibit a novel class of colloidal 
interactions, arising from the orientatlonal elastic energy of the anisotropic host fluid. 
These interactions include a short-range repulsion. and a long-range dipolar attraction, 
and they lead 'to the formation of anisotropic chainlike structures by the colloidal par- 
ticles. The repulsive interaction can lead to novel mechanisms for colloid stabilization. 



Dispersions of small particles in a host 
fluid are a widespread and important state 
of matter (J); colloidal suspensions are dis- 
persions of solid particles, whereas emul- 
sions are dispersions of liquid droplets coat- 
ed with a surfactant. They are of consider- 
able technological importance, with appli- 
cations in everything from paints and 
coatings to foods and drugs. These are meta- 
stable rather than equilibrium systems. At- 
tractive interactions among the particles, 
which arise, for- example, from dispersion 
forces, can separate the dispersed phase 
from the host fluid. These forces must be 
counterbalanced by Coulombic, steric, or 
other repulsive interactions. The delicate 
balance between attractive and repulsive 
colloidal interaction determines the stabil- 
ity and hence usefulness of dispersions. 

We report on a novel class of colloidal 
interactions that arise when the host fluid is 
anisotropic and provide a comprehensive 
theoretical framework to understand them. 

Department of Physics and Astronomy, University of 
Pennsylvania, Philadelphia, PA 1 91 04, USA. 

•Present address: Instttut fur Theoretische und Ange- 
wandte Physik, Universitat Stuttgart, Pfaffenwaldring 57, 
D-70550, Stuttgart, Germany. 



These interactions have both repulsive and 
attractive components. We use general the- 
oretical arguments and a variational proce- 
dure based on analogies with electrostatics 
to show how these interactions arise from 
the orientational elasticity of the host fluid 
and from topological defects therein in- 
duced by the dispersed particles. The nature ' 
of these interactions depends on boundary 
conditions and on the anisotropy direction 
of the host fluid at particle and other inter- 
faces. Modifications in these boundary con- 
ditions can easily be produced through 
changes in the composition of the surfac- 
tant or host fluid, making possible a fine 
degree of control of colloidal interactions. 

We dispersed water droplets 1 to 5 jxm in 
diameter in a nematic liquid crystal (LC) 
host, pentylcyanobiphenyl (5CB), with a 
small amount of surfactant added to help 
stabilize the interface. We also used multi- 
ple emulsions, in which the nematic LC 
host was itself a much larger drop (— 50 u,m 
in diameter) in a continuous water phase; 
this isolated a controlled number of colloi- 
dal droplets in the nematic host and al- 
lowed us to readily observe their structure. 
The multiple emulsions were formed with 



sodium, dodecyl sulfate, a surfactant that is 
normally ineffective at stabilizing water 
droplets in oil. Nevertheless, the colloidal 
water droplets remained stable for several 
weeks, which suggested that the origin of 
this stability is the surrounding LC--a hy- 
pothesis that was confirmed by the obser- 
vation that droplets became unstable and 
coalesced in <1 hour after the LC was 
heated to-the-tsotropic phase. 

We studied these nematic emulsions by 
observing them between crossed polarizers 
in a microscope. Between crossed polarizers, 
an isotropic fluid will appear black, whereas 
nematic regions will be colored. Thus, the 
large nematic drops in a multiple emulsion 
- are -predominately-Ted-in - Fig; 1 Arwhereas 
the continuous water phase surrounding 
them is black- Dispersed within- Virtually all 
of the nematic drops are smaller colloidal 
water droplets, which also appear dark in 
the photo; the number of water droplets 
tends to increase with the size of the 
nematic drops. In all cases, the water drop- 
lets are constrained at or very near the 
center of the nematic drops. Moreover, 
their Brownian motion has completely 
ceased, an observation that is confirmed by 
warming the sample to change the, nematic 
into an isotropic fluid, whereupon the 
Brownian motion of the colloidal droplets is 
clearly visible in' the microscope. 

Perhaps the most striking observation in 
Fig. 1A is the behavior of the colloidal 
droplets when two s or more cohabit the 
same nematic drop: The colloidal droplets 
invariably form linear chains. This behavior 
is driven by the. nematic LC — the chains 
break, and the colloidal droplets disperse 
immediately upon warming the sample to 
the isotropic phase. However, although the 
anisotropic LC must induce an attractive 
interaction to cause, the chaining, it also 
induces a shorter range repulsive interac- 
tion. A section of a chain of droplets under 
higher magnification {Fig, IB) shows that 
the droplets are prevented from approach- 
ing too closely, with the separation between 
droplets being . a significant fraction of trfeir 
diameter. 

A clue to the origin' of these new inter- 
actions comes from close examination of 
the patterns produced by the nematic host. 
Nematic drops containing only a single 
emulsion droplet invariably exhibit a dis- 
tinctive four-armed star of alternating 
bright and dark regions that extend 
throughout , the whole nematic drop (Fig- 
1C). This pattern-isf'produced by the rota- 
tion of the nematic anisotropy axis through 
a full 360° about the central water droplet 
and is characteristic of a topological defect 
called a hedgehog (2). When there is more 
than one water droplet, there is additional 
orientational texture between every pair of 



1770 



SCIENCE • VOL. 275 • 21 MARCH 1997 • http://www.sciencemag.org 




Fig. 1 . (A) Microscope image of a nematic multiple emulsion taken under crossed polarizers. (B) A chain 
of water droplets under high magnification. (C) A nematic drop containing a single water droplet. 



droplets. This structure is a distorted four- 
arm star, which we identify as a hedgehog 
defect created in the nematic host. The 
distance between droplets and this host- 
fluid defect increase&with increasing drop- 
let radius. Moreover^ there is always one less 
host defect than there are water droplets. 

Colloidal Water droplets can also be dis- 
persed in a nematic host confined between 
parallel plates treated to force molecular 
alignment parallel to their surfaces. The 
droplets still form chains, but over time 
these chains continue to grow into larger 
and more complicated structures. Exactly 
one host defect is associated with each wa- 
fer droplet, so each chain has as many extra 
defects as water droplets rather than one 
less. We- conclude that water droplets create 
defects in the host fluid that prevent close 
contact between water droplets and that 
give rise to a long-range anisotropic attrac- 
tive interaction between droplets. 

To explain these observations, we con- 
sider the properties of the unit vector field 
n(r), called the Frank director, that speci- 
fies the direction of local .alignment of 
anisotropic LC molecules (3) at the point r 
= (x, $\ z)* Nematics . are invariant under 
the inversion operation n(r) -» -n(r). The 
energy of long-wavelength, spatially non- 
uniform distortions of n is determined by 
the Frank free energy (F), which in' the 
one-elastic constant approximation is 

F = \ Sj^rV^ (1) 

where the integral is over the volume of 
the nematic LC; i,j = x, y } zi n f is the 1 th 
component of the director, and V i = d/d^. 

. The elastic constant K is of order 10~ 6 
dynes in typical nematics. We must also 
consider topological defects in nematics, 
an important example of which is a hedge- 
hog: a point defect in which the director 

' sweepsy 'oiit all directions on the "unit 
sphere as all points on any surface enclos- 

" ing the defect core are visiteH'.TTedgehogs" 
are characterized by an integer topological 
charge specifying the number of times the 
unit sphere is wrapped. These hedgehogs 
can. have different director configurations. 
The simplest is the radial hedgehog, in 
which the director n(r) = (x, y t z)/r points 
radially outward like the electric field of a 
point charge. Another common configu- 
ration is the hyperbolic hedgehog with n 
\= (-x, -y, z)fr (Fig. 2A) obtained from 
the radial hedgehog by rotating all vectors 
by 180° about the z axis. These hedgehogs 
can be characterized by a topological 
charge of 1. However, the nematic inver- 
sion symmetry renders* positive and nega- 
tive charges indistinguishable, so that two 
unit-charge hedgehog -defects can be com- 



bined to give configurations with a total 
topological charge of either 2 or 0. In 
addition to hedgehogs, topological line 
defects called disclinations can also exist 
in nematics. Although there have been 
conjectures (4, 5) that a colloidal particle 
in a nematic will nucleate, a disclination 
ring centered at its equator, we have found 
no experimental evidence for this for par- 
ticles of the size we investigate. 

Our observations can be qualitatively 
explained by considering the total topolog- 
ical charge Q in a nematic, which is deter- 
mined by boundary conditions on n. Paral- 
lel boundary conditions at infinity force Q 
to be 0, whereas normal or homeotropic 
boundary conditions on a closed surface 
with the topology of a sphere force Q to be 
1. Normal boundary conditions at the water 
droplet surfaces force the creation of a ra- 



dial hedgehog at, each droplet. Thus, for' 
homeotropic boundary conditions, a single 
hedgehog in a closed nematic drop with a 
single water droplet can. satisfy both the 
boundary condition at the water droplet 
and the requirement Q = 1. Our observa- 
tion of a single four-armed texture in single- 
droplet nematic drops is in accord with this. 
Each water droplet beyond the first added 
to the interior of a nematic drop must cre- 
ate orientatibnal structure out of the 
nematic itself to satisfy the global con- 
straint Q = 1 . Similar considerations apply 
to each water droplet, including the first, 
added to a nematic cell with Q = 0. The 
simplest (though not the only) way to sat- 
isfy this constraint is for each extra water 
droplet to create a hyperbolic hedgehog in 
the nematic host (6). The radial droplet 
hedgehog and the companion host-liquid 



Fig. 2. (A) Director con- ^ g 
figuration for a hyperbol- 
ic defect. The director is 
tangent to the lines 
shown. (B) A droplet-de- 
fect dipole: The director 
configuration around the 
spherical droplet is that 
of a radial hedgehog. 
The point defect is a hy- x 
perbolic hedgehog. Ro- 
tation of this figure about 

the vertical axis produces the three-dimensional director configuration, which is uniform and parallel to 
the vertical axis from the dipole. In the electrostatic analog, the droplet becomes a conducting sphere 
with charge Q in an external electric field E, which produces the field lines determining the orientation of 
the director. 
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hyperbolic hedgehog combine to create a 
parallel director pattern at infinity (Fig. 
2B). All of our experimental observations- 
including the observation of one host defect 
per water droplet in the nematic between 
parallel plates and N — 1 host defects for N 
water droplets in a nematic drop — are con- 
sistent with this simple scenario. 

We can use Eq. 1 to determine the 
" energy E D of the droplet-defect dipole as a 
function of the separation R between the 
defect and the droplet center and thereby 
obtain the equilibrium separation R 0 . Sim- 
ple dimensional analysis and more de- 
tailed calculations (7) show that this en- 
ergy grows linearly wich separation R for R . 
much greater than the droplet . radius a. 
Energy increases as R approaches a (Fig. 
2B): The director has to change directions 
from vertical to horizontal in a distance of 
order R - a leading to Vn ~ 1/(R — a) in 
Eq. 1. Beyond a distance of order R from 
the sphere, the director is approximately 
uniform. Thus, E D ~ [K/(R - a) 2 ][AR 3 - 
(4ir/3)a 3 ], where A is a number of order 
unity. This energy is linear in R at large R, 
diverges as R approaches a, and has a 
minimum at some R 0 ~ a. To obtain a 
more reliable estimate, we ■ constructed a 
variational ansatz for the unit vector field, 
n(r), that is parallel to the z axis at infin- 
ity, that is perpendicular to the surface of 
the droplet, and that has a companion 
hyperbolic defect somewhere. A vector 
field satisfying these conditions can be 
obtained from the electrostatic problem of 
a conducting sphere of positive charge Q 
in a uniform electric field E 0 = E 0 t z par- . 
allel to the z axis as shown in Fig. 2. In 
reduced units with f = via = (x, y, z)> the 
solution to this problem for. a sphere at the 
origin yields an electric field E(r)/E 0 = e z 
+ ^f/f 3 - f- 5 (f 2 e z - 32r), where \ 2 = 
Q/E 0 a 2 . This field arises from the external 
field, the charge on the sphere, and an 
induced dipole at the center of the sphere. 
There is no negative electric charge in this 
problem, but, there is a point where the 
electric field goes to zero (provided X 2 is 
sufficiently large). The electric field con- 
figuration in the vicinity of this point is 
identical to that of a unit vector field in 
the vicinity of a hyperbolic hedgehog de- 
fect. Thus, a variational ansatz for the 
director that satisfies all of our conditions 
is n(r) = E(r)/|E(r)|. At distances r » a 



n(r) 



\ 2 a 2 JxV^,l 



(2) 



and n x and n y are solutions to Laplace's 
equation as they must be to minimize R 
The . zero, of .the electric field and thus the 
distance R = \z\a to the hyperbolic defect is 
determined by the solution to |*[ 3 — \' 2 |*| + 
2 = 0. We can therefore use our ansatz for 



n(r) in Eq. 1 to obtain an estimate of E D as 
a function of reduced separation R = \z\ 
(Fig. 3A). This energy is linear in R at large 
R and has a minimum of D.OQTrKa at R 0 = 
L17a. The curvature is 33irKa indicating' 
that • thermal fluctuations in the reduced 
separation between droplet and hyperbolic 
hedgehog is negligible: (8R 0 ) 2 ~ kT/ 
337rKa ~ 10" 5 , where 5R = R - R Q , k 
is the Boltzmann constant," and T is the 
temperature. A well-defined distance, R 0 , 
separates a colloidal water droplet from its 
companion defect, and this distance scales 
with the droplet radius. A host defect be- 
tween two water droplets, therefore, pre- 
vents the water droplets from approaching 
each other too closely; it provides a repul- 
. sive barrier between two water droplets. 

To treat long-range attractive interac- 
tions between droplets that lead to chain- 
ing, we seek a phenomenological free 
energy (5) describing how the water drop- 
let distorts the director field at distances 
that are large compared to R 0 . This energy 
must produce the large-R director field 
predicted by Eq. 2. The droplet-defect pair 
has vector symmetry, and we assign it a 
dipole moment p = (\a) 2 e = pe, where e 
is the unit vector from the companion 
defect to the droplet center, From this we 
can construct a dipole-moment density for 
a collection of defects at positions r a with 
respective dipole moments p a : P(r) = 
2 a p a B(r — • r a ). We now seek a free energy 
that, upon minimization, will lead to Eq. 2 
for a single, defect located at the origin 
with p pointing in the minus z direction: 



F = K 



v2 WW 



4irP(r)-n(V-n) 



^A2[pa'n(rJ] 2 
(3) 

The second term in this energy is a flexo- 
electric term (8), and the last term (with an 
-as-yet-unmeasured coefficient A) results 
from the energetic preference for the di- 
poles to align either parallel or antiparallel 
to the director. Minimization of Eq. 3 over 
n for a single defect at the origin [P = 
f>e 7 5(r)] for small deviations from linear 



equilibrium leads to n.(r) = prjt 3 for i = 
x,y. This reproduces Eq. 2 for p = X 2 a 2 . 

The tendency to form chains can be 
explained by the effective dipole-dipole in- 
teraction predicted by Eq. 3- By calculating 
the director field at r f produced by a dipole 
moment density at r, we can calculate the 
effective dipole-dipole potential: 

1 - 3cos 2 e 

-V a ^ IvKplpl R3 (4) 

where 9 is the angle between R = r a - r 0 
and the z axis. is the component of the 
dipole moment of defect a along the z axis; 
it can be either positive or negative. This 
energ y is c learly minimized when £>* and 
have the same sign (that is,.p a and p p point 
in the same direction) and their separation 
vector is parallel to the z a^ris. This form 
accounts for the attractive interaction and 
leads to the formation of chains as seen in 
experiments. It is similar to configurations 
seen in other dipole systems such as elec- 
trorheological fluids and in magnetic emul- 
sions (9), 

The predicted scale for both the dipole- 
dipole attractive and defect-mediated re- 
pulsive interactions should be set by the 
droplets' diameter; as a consequence, the 
droplet separation within the chains 
should scale with a. To test this hypothe- 
sis, we measured the separations between 
the surfaces of neighboring droplets as 
their radius, increased, and the results are 
plotted- in Fig. 3B. N A linear increase was 
observed. . Moreover, the fit to the data 
(solid line) gives S « 0.6a. This value is in 
good accord with the expectation that the 
distance between droplets be somewhat 
greater than twice the separation 2(R 0 - 
a) between a droplet and its .companion 
defect. 

The model free energy of Eq. 3 also 
accounts for several other experimental ob- 
servations. It incorporates a preference for p 
to align along n. This was verified by ob- 
serving single droplets between parallel 
glass plates treated to force tangential align- 
ment of the director at their surface; p is 
invariably aligned with n. In addition, Eq. 3 
also predicts that the defects ' will seek re- 
gions with maximum director splay (V * n) 
and that p will prefer to orient antiparallel 



Fig. 3. (A) Plot of re- 
duced energy E/irKa of a 
droplet-negative hedge- 
hog as a function of re- 
duced separation H/a, 
Note the linear depen- 
dence at large f and the 
minimum at R 0 ~ 1.17a. 
(B) Plot of the distanced 
between droplet surfac- 
es as a function of their diameter 2a. 
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no n when V • n is positive, A nematic drop 
with Q = 1 has nonvanishing positive splay 
everywhere. This splay acts as an external 
field that establishes minimum energy posi- 
tions for droplet dipoles and thereby arrests 
Brownian motion. The^minimum energy 
position of a single droplet is at the center 
of a nematic drop. A second droplet moves 
to maximum splay at the center with p 
pointing toward the. center along negative n 
in accord with observations. Subsequent 
droplets form chains. In contrast, in the 
parallel geometry there is no splay localizing 
particles; as a result, the particles and 
chains undergo Brownian motion, which 
lead£ to interchain coagulation. 

Finally, one of the most important features 
of these novel colloidal interactions is their 
dependence -pn the anchoring of the nematic 
at the interface. For example, the behavior of 
the colloidal droplets in the multiple emul- 
sions is completely altered if the nematic is 
forced to align' parallel to the surface of the 
large droplets rather than perpendicular. In 
the passage from homeotropic to tangential 
alignment, the topological charge interior to a 
nematic drop is changed from 1 to 0, and 
point defects called bdojums (2) develop on 
its surface. Splay is a maximum in the vicinity 
of these boojums, and thus we would expect 
the colloidal droplets to congregate at these 
defects. We can achieve tangential bound- 
ary conditions at the surface of the nematic 
drops, but not at the surfaces of interior 
colloidal water droplets, by adding & small 
amount of glycerol to the/continuous water 
phase. As expected, the 'colloidal droplets 
do indeed migrate to the boojums. Similar- 
ly, in our theory, both the chaining and the 
defect-mediated repulsion are a conse- 
quence of the dipolar defect configuration 
produced by a -droplet with homeotropic 
boundary conditions. Droplets with tangen- 
tial boundary conditions create neither a 
radial nor a c6mpanion hyperbolic hedge- 
hog and should, therefore, exhibit com- 
pleteiy different structures. To test this, we 
added-polyvinyl arcohohcrthe-water drop - 
lets to change boundary conditions from 
homeotropic to tangential. The tendency 
to form chains was greatly reduced; more- 
over, the droplets were no longer separated 
by large distances when they approached 
one another, reflecting the absence of the 
hedgehog defects. — 

The new class of colloidal interactions 
discussed in this paper is not restricted to 
tftermo tropic nematic. LC but should be 
present whenever the host fluid is aniso- 
tropic. Interesting effects can be expected 
as the delicate balance among the magni- 
tude of the elastic constant, the particle 
size, and the anchoring energies is adjust- 
ed. For example, this class of interactions 
should also be present for solutions of 



anisotropic micelles (JO), rigid-rod poly- 
mers, and even biological systems such as 
actin or viruses. Moreover, the ability to 
controllably obtain both attractive and 
repulsive interactions offers an opportuni- 
ty to develop novel routes to colloid sta- 
bilization and structure, as well as to cre- 
ate new materials with potentially useful 
applications. The theoretical picture pre- 
sented here provides the framework for 
understanding all of these phenomena. 
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Direct Radiometric Observations of the 
Water Vapor Greenhouse Effect Over the 
Equatorial Pacific Ocean 

Francisco P. J. Valero,* William D. Collins, Peter Pilewskie, 
Anthony Bucholtz, Piotr J. Flatau 

Airborne radiometric measurements were used to determine tropospheric profiles of the 
clear sky greenhouse effect. At sea surface temperatures (SSTs) larger than 300 kelvin, 
the clear sky water vapor greenhouse effect was found to increase with SST at a rate 
of 13 to 15 watts per square meter per kelvin. Satellite measurements of infrared 
radiances and SSTs indicate that almost 52 percent of the tropical oceans between 20°N 
and 20°S are affected during all seasons. Current general circulation models suggest that 
the increase in the clear sky water vapor greenhouse effect with SST may have climatic 
effects on a planetary scale. 



Recent studies ( I ) have demonstrated that 
atmospheric general circulation models, 
when forced only with measured SSTs (in 
particular, tropical Pacific SSTs), can re- 
produce the changes in global tropospheric 
temperatures that have been observed dur- 
ing the last several decades (2, 3). Earlier 
results (4-6) also pointed to the existence 
of a relation between variations in the trop- 
ical Pacific SSTs and global tropospheric 
temperatures. In this context, the clear sky 
water vapor greenhouse effect is key to the 
understanding of climate change, including 
global warming (7). Thergreenhouse effect- 
can be defined as (8-10) 



G a = a(SST) 4 - F + 



(1) 
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According to the Stefan Boltzmann law, 
o\(SST) 4 is the infrared black body emission 
by the surface at temperature SST, o = 
5.67 X ltr 8 W m" 2 K~ 4 is the Stefan 
Boltzmann constant, and is the outgoing 
infrared radiation flux at the top of the 

atmosphere. — 

Satellite studies (8-10) have found that 
for clear skies and SSTs above 298 K, the 
spatial variation of G a with SST, dGJ 
d(SST), exceeds the rate of increase of sea 
surface emiss ion , &u( SST ) 4 /d( SST ) = 
4o-(SST) 3 . For a tropical SST of 300 K, 
-MSST) 3 - 6.1 W m~ z K" 1 . This^effect, 
termed the "super greenhouse effect" (11), 
occurs in both hemispheres during all sea- 
sons. It is also observed for interannual 
variations of G a with SST during the El 
Nino in the tropical Pacific (12). Observa- 
tions in the tropical Atlantic ocean (11) 
show that the clear sky downwelling infra- 
red flux incident on the surface (F~) also 
increases faster than the surface emission 
with increasing SST. The net result is fur- 
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Investigations on Langmuir-Blodgett Films 
as Alignment Layers for Liquid Crystals | 

J. CHEN 1 , H. VITHANA 1 , D. JOHNSON 1 , A. ALBARICI 2 , J. LANDO 2 , 
J. A. MANN, Jr 3 and M.-A. KAKIMOTO 4 

1 Department of Physics and Liquid Crystal institute, Kent State University, Kent, OH 44242 

2 Department of Macromofecular Science, Case Western Reserve University, Cleveland, OH 44106 

3 Department of Chemical Engineering, Case Western Reserve University, Cleveland, OH 44 106 

4 Department of Textile and Polymeric Materials, Tokyo Institute of Technology, Ookayama, 
Meguro-ku Tokyo 152 

(Received September 28, 1994; infinalform May W, 1995) 

Multilayer polyimide (PI) films were successfully fabricated using the Langmuir-Blodgett (LB) technique. 
These films were studied in several ways relevant to their use as liquid crystal alignment layers, (1) The 
influence of dipping speed and creep time on the orientational order of PI-LB films was investigated by 
means of birefringence measurements. (2) For comparison, we measured the pretilt angles and polar 
anchoring strengths of liquid crystal (LQ cells assembled with PI-LB films and rubbed PI-LB films 
as alignment layers. (3) The anchoring direction of the liquid crystal was found to be solely determined by 
the dipping direction of uppermost PI-LB layer, regardless of the dipping direction of deeper layers. (4) 
Combining results of the above studies with measurements of pretransitional birefringence (above the 
isotropic to nematic (I N) transition) and observations of the growth of the alignment texture just below the 
nematic-isotropic transition, we draw the conclusion that the range of interaction between the PI-LB film 
and LC molecules is quite short (~4.5A) and that the alignment mechanism is epitaxial. Therefore, 
anisotropic short range molecular interactions are responsible for the alignment of the first liquid crystal 
layer. (?) From studies or PI-LB films deposited perpendicular to the rubbing direction of underlying spin- 
coated PI films, we also found evidence, as expected, that the grooves induced by the rubbing process are not 
decisive for LC alignment on a rubbed polymer surface. 

Keywords: Liquid crystals, alignment, LB films 
1. INTRODUCTION 

The wide application of flat displays using liquid crystals (LCDs) has stimulated 
extensive study of alignment. 1 " 3 Conventional processes for forming homogenous 
alignment layers include a rubbed polymer coating and oblique evaporation of SiO*. 
Although the oblique evaporation method has the advantage of giving the liquid 
crystal molecules a prescribed pretilt angle, the deposition process is quite complicated 
and it is difficult to obtain a large uniform aligning area. The rubbing process also has 
several serious shortcomings. 4,3 Static electricity generated by rubbing causes flicker 
during operation of LCDs. Furthermore, the delicate switching elements on the 
surface, for example, thin film transistors, can be destroyed by the rubbing process and 
rubbing can introduce dust particles which can degrade the performance of LCDs. For 
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these reasons, researchers have tried to develop alternative methods of alignment. 
Ordered polyimide Langmuir-Blodgett (PI-LB) films have recently been shown to 
have enormous promise as LCD alignment layers. 6 ' 11 It is now clear that LB films 
with their well-controlled architecture, large-area capability and dust free character 
are contenders for the alignment layers of future LCDs, Due to this potential 
application in the LCD industry, we need to know the mechanism of alignment and 
how to control the important parameters for display, for example, anchoring strength 
and pretilt angle. 

In this paper, we present our preliminary results on PI-LB film alignment layers. 
Orientational order of PI-LB films was investigated by means of the birefringence 
measurements on films prepared with different dipping speeds and creep times. The 
pretilt angle and the temperature dependence of the polar anchoring strength of liquid 
crystal cells assembled with PI-LB alignment films and their rubbed counterparts were 
also measured. We have also made the first study of the pretransitional birefringence 
of LC cells with PI-LB alignment films. Based on our experimental results, the LC 
alignment mechanism on PI-LB films is suggested. Finally, we bring into focus the 
advantages and problems associated with PJ-LB films as alignment layers. Possible 
solutions for the existing problems are suggested. 

2. EXPERIMENTAL 

2.1 Preparation of multilayer PI-LB films 

Figure 1 shows the flow chart of the PI-LB preparation, LB films were prepared in 
a 70cm x 15cm Lauda trough. Due to the non-amphiphilic nature of the PI, we first 
mixed poly[4,4'-oxydiphenylene] pyromellitamic acid (I) with N,N 'dimethylhexa 
decylamine(II) in the molar ratio of 1:2 in an organic solvent of N.N-dimethylacetam- 
ide and benzene (1 : 1 in a molar ratio) to form a poly [4,4'-oxydiphenylene] pyromel- 
litamic acid salt (III). 100 ul of (III) was then spread on deionized water at 20°C. After 
waiting for lOmin, the monolayer was compressed at a speed of 1.8cm/min. The value 
of the co-area obtained was 110 A 2 . Y-type LB films of (III) were transferred onto the 
indium-tin-oxide (ITO) coated patterned glass by vertical dipping at a surface pressure 
of 25 mN/m and dipping speed of 1 mm/min for the first round trip and 10 mm/min for 
subsequent dipping. Films of (III) were immersed overnight in a mixed organic solvent 
of acetic anhydride, pyridine and benzene (1:1:3) for imidization to obtain polyimide 
(IV) LB(PI-LB) films. 

2.2 Measurements of the anchoring strength, pretilt angle 
and optical retardation 

The liquid crystal cells were made with two identical ITO-patterned glass substrates 
coated with PI-LB films. We assembled the cells with the dipping direction of the 
last LB layer antiparallel to each other. The thickness (~50um) of each cell was 
determined by the optical interference method (±0.5 urn) before the cells were filled 
with 4-cyano-4'-n-pentybiphenyl (5CB) liquid crystal by the capillary method. These 
cells were heated to 80°C (above the nematic-isotropic clearing point) then slowly 
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(IV) 

FIGURE 1 Flow chart of the multilayer PI-LB film preparation. 



cooled down to room temperature to get rid of the flow alignment effect induced by 
filling the cell. 5CB was purchased from BDH chemicals and used without further 
purification. 

The optical retardation of the PI-LB film was measured by ellipsometry with a 
resolution of 0.0 1 °. The standard crystal rotation method 1 2 was used to determine the 
pretilt angle. To measure the polar anchoring strength, we adopted Yokoyama and 
VanSprang's high field method, 1 3l 14 which requires simultaneous measurements of the 
voltage dependence of the birefringence and capacitance of a homogeneously aligned 
nematic LC cell. The schematic diagram for the optical phase retardation and 
capacitance measurement apparatus is shown in Figure 2. 
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For applied voltages, V, larger than 6 times the Freedericksz threshold voltage, K th , 
the following relation should be accurate: 13 

R/R 0 = *o/CV~2dJd 0 (1) 

where the constant J 0 is related to material parameters. R Q is equal to 2nd 0 (n f - nj/l 
d e is called the surface extrapolation length. The polar anchoring strength, W 0 is 
directly related to d e . In particular, for the Rapini-Papoular surface potential, \ W 0 sin 2 
(0-6 € l we have a simple relationship W Q = K l /d g , where K t is the splay elastic 
constant of the LC which was measured separately. C and d 0 are the capacitance and 
thickness of the LC cell respectively. n 0 and n e are the ordinary and extraordinary 
refractive indices of the LC. Temperature was controlled to ± 5 mk over lOh. For the 
measurement of the pretransitional birefringence, the temperature was swept at the rate 
of 0.18° C/h and the result was independent of sweep rate at this rate. 

3. RESULTS AND DISCUSSIONS 

At least 3 PI-LB layers were needed to achieve good uniform LC alignment on 
PI-LB/ITO glass.The reason may be that 3 layers are enough to screen the interaction 
between the LC and ITO glass surfaces, and smoothly and fully cover the surface, All 
LC cells made with 3 to 15 PI-LB layers gave identical, good homogenous alignment. 
In all cases, the LC alignment direction matched with the dipping direction of LB 
deposition. To check the effectiveness of alignment of the last PI-LB layer, we deposited 
6 layers on glass plates in such a way that the dipping direction of the sixth layer was 
changed by 45° with respect to the dipping direction of the previous five layers. 
Polarized microscopy showed that the LC anchoring direction was solely determined 
by the dipping direction of the sixth PI layer, which means that the interaction 
responsible for LC alignment on PI-LB films is rather short ranged, i.e, less than the 
thickness of one PI layer (~ 4.5 A as measured by our group. 15 ) 

As is known, LC alignment on a PI-LB film is induced by the well ordered polymer, 
which aligns along the dipping direction. 16 The dipping speed is expected to be an 
important parameter for controlling the quality of the LB film. The influence of dipping 
speed and creep time on the order of PI-LB films was investigated by measuring the 
optical retardation. The result is shown in Figure 3. Because of the birefringence of the 
ITO glass itself, microscope slides were used. Assuming that the retardation 
R = 2nd Q {n g ~n Q )S/X, where S is an appropriately defined orientational order par- 
ameter of the PI-LB film, and n e and n 0 are the extraordinary and ordinary refractive 
indices of the polymer respectively, it seems that in our range of dipping speed, the 
order of the LB film doesn't change. Furthermore, we did not see any difference in 
retardation of the PI-LB films for creep times of 1 hour and 2 hours. 

The pretilt angles of LC cells with various numbers of LB layers were measured by 
the standard crystal rotation method, 12 The results are presented in Figured All 
samples show very small or zero pretilt angle. When we applied an electric field across 
these cells, all of them showed reverse tilt domains under polarized microscopy, which 
confirmed the tilt angle measurement results. Introducing a finite pretilt angle will be 
very important for the application of LB films as alignment layers. 
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FIGURE 6 Polar anchoring energy and extrapolation length of PI-LB (5) versus temperature. 
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much stronger than that of SiO,, 13 14 but somewhat weaker than that of a spin-coated 
rubbed polymer film. 3 

As mentioned above, PI-LB films fail to align the liquid crystal with a pretilt angle 
which is a prerequisite for LCDs to avoid reverse tilt domains. One technique to 
introduce a pretilt angle is to manipulate the side chain density of the polyimide 
precursor. The number of side chains can be controlled by varying the degree of 
imidization. It has been claimed that in this way one can control the pretilt angle of the 
liquid crystal on such LB films. 18 However, so far, we don't understand how to force the 
side chains to flip down unidirectionally to give pretilt angles that are uniform over the 
cell. Furthermore, the thermal stability of the pretilt angle has not been investigated An 
alternative method to get a finite pretilt angle is to rub the PI-LB film. Due to the fact 
that PI-LB films are very thin (about 22 A for 5 layers) , static charge accumulation 
should not be a problem. Figure 7 shows two crystal rotation curves of LC cells 
assembed with PI-LB films with and without rubbing. Clearly, the symmetry point' 
shifted away from zero angle after rubbing. The pretilt angle obtained in this case was 
about 2 . For comparison, we also measured the polar anchoring strength of the 
rubbed PI-LB films, which is shown in Figure 8. It seems that rubbing doesn't enhance 
the polar anchoring strength of PI-LB films, which is not in agreement with the results 
o beo et al. We also note that the polar anchoring strength of our non-rubbed PI-LB 
film is almost the same as that of their rubbed one. Atomic force microscopy (AFM) 
images indicate that our PI-LB films are already highly ordered before rubbing 15 
Evidently rubbing does not further improve the order of the film. Based on these results 
we suggest that the polymer backbones lay statistically flat on the glass surface along 
the dipping direction, and, therefore, they fail to align the LC with a pretilt angle The 
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FIGURE 7 Crystal rotation curves of LC cells having PI- LB (5) films with and without rubbing. 
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FIGURE 8 Polar anchoring strength and extrapolation length of rubbed PI-LB (5) versus temperature. 



stress generated by the rubbing process apparently gives these backbones a small but 
finite angle with the surface plane and a finite pretilt angle is obtained. 
This result is consistent with the pretilt generation model proposed by Geary et ai 19 
However, it has to be mentioned here that it is hard to rub PI-LB films uniformly 
because of their ultrathin nature. Therefore, adjusting the rubbing strength is not 
a suitable way to control the pretilt angle for practical applications. We also find that 
hard rubbing can damage or even strip away PI-LB films. Controlling the pretilt angle 
of LC's aligned by PI-LB films is still a big challenge for the application of LB films in 
the LCD industry. Pretransitional birefringence has been used to probe the mechanism 
of an LC alignment for some years. 20 " 23 We report here the first surface induced 
pretransitional birefringence measurements of an LC cell with PI-LB films as align- 
ment layers. Three samples were measured and results are presented in Figure 9. The 
alignment layers for these samples are a PI-LB (5) film, a rubbed PI-LB (5) film and 
a conventional spin-coated rubbed PI film. All three samples show qualitatively similar 
pretransitional behavior. The solid lines in Figure 9 are fitting curves using Eq. (3) 
derived from the Ginzburg-Landau theory of de Gennes. 

Under the framework of de Gennes' theory, 24 the free energy density of a semi- 
infinite (z > 0) sample near the LC isotropic to nematic phase transition is 

F = F 0 +\a(T-T*)Q^z)-\bQHz) + icQ*(z) + iL\VQ(z)f (2) 

Minimizing the total free energy with respect to the functional form of Q(z) at fixed 
boundary condition Q(0) = Q s , the analytic expression for total phase difference between 
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ordinary and extraordinary rays of light passing normally through the sample is" 



where 



FAQ) = a(r- r*)6 2 (z)/2 - bQ>(z)/3 + cQ<(z)/4 
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se ected O r* 2 2nd * h ?" and were obtained from the ref. 23. We 

metT n Tt g fi;,,H r thrE ? = aseS ' we found al ™t the same surface order para- 
meters. The fitted values of Q, were 0.38, 0.39 and 0.38 respectively for PI-LB (5), 
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rubbed PI-LB (5) and spin-coated rubbed PI films. The fitting results for the PI-LB 
film and rubbed spin-coated PI film are fairly good, However, we notice that we 
can't fit both the high and low temperature regions for the rubbed PI-LB film. 
The magnitude S 0 for the rubbed PI-LB film is 0.33, which is quite different from values 
0.70 and 0.92 we got for PI-LB (5) and rubbed PI films respectively. They are supposed 
to be the same in the model because the same LC materials are used (see Eq. (3)). Note 
that the data for this film fit de Gennes' model rather poorly by comparison with the 
other two films. This may indicate that the surface order parameter of the rubjbed 
PI-LB (5) film changes with temperature instead of being fixed as we have assumed or 
that the uniformity of the rubbed PI-LB films is poor. More detailed work on this is 
under way. 

The- nucleation of the nematic phase of homogeneous LC cells with PI-LB (5) as 
alignment layers was observed under polarized light microscopy as the cell cooled 
slowly. As described in ref. 19, "sheet nucleation" on the cell surface was observed as the 
nematic phase was entered. These uniformly-aligned nematic layers grew in thickness 
until they met in the center of the cell, producing a flaw-free aligned texture. This 
behavior is strongly distinguished from the evolution of the alignment texture of an LC 
cell associated with obliquely evaporated SiO x alignment layers. In the latter situation, 
the nematic phase nucleates at numerous isolated sites in the bulk and at the surface. 
These spots grow and join together with a high density of director defects. Uniform 
alignment of the whole cell is reached only after the defects anneal out. The PI- LB 
alignment behavior belongs exactly to the first category in Table II ref. 19, i.e., sheet 
rather than point nucleation. On the other hand, obliquely deposited SiO x alignment 
surfaces belong to the second category and are strong candidates for description by the 
Berreman model. 25 This is further substantiated by their failure to give pretransitional 
birefringence. 21 

Historically, the groove model was first proposed to elucidate the LC alignment 
mechanism for rubbed or polished solid surfaces 2 s . Berreman, however, was well aware 
that surfaces having oriented long organic molecules may align by a different mechan- 
ism. Much evidence shows that the groove structures induced by the rubbing process 
play a minor role in LC alignment on rubbed PI or many other polymer surfa- 
ces. 19,27,28 An epitaxial growth model was subsequently proposed in which the 
interaction between oriented polymers and LC molecules is responsible for LC 
alignment. 19 The mechanism of alignment is analogous to epitaxial formation of 
conventional solid crystals except it is orientational rather than translational in nature. 
However, to some extent there is still confusion about these two models. All of the 
above experimental results taken collectively provide evidence to settle this issue in 
favor of epitaxial alignment. This conclusion is independent of any specific macro- 
scopic model such as that of de Gennes. 24 

We studied the case of LB films with a varying number of layers deposited 
perpendicular to the direction of rubbing on a spin-coated rubbed PI film. We 
also found that three PI-LB layers (~ 13 A) were required to switch the LC orienta- 
tion from the rubbing direction to the PI-LB dipping direction. 7 Before deposition, 
well-defined grooves were detected by AFM. The depth of grooves was around 80 A. 
As we mentioned above, 3 PI-LB layers were also required to achieve good LC 
alignment on ITO-coated glass. It seems that it also requires three PI-LB layers 
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to screen the interaction between the LC and the polymer on spin-coated rubbed PI 
films. The groove structure was still observed by AFM. After 3 layer PI-LB film 
deposition this result shows, not surprisingly, that while the groove structure may aid 
alignment, it is not an intrinsic reason for LC alignment on a rubbed polymer surface. 
Note also that grooves on the rubbed polymer surface increases the interaction area 
between polymer and LC molecules in comparison with a PI-LB film with a flat surface. 
This could be the reason why the polar anchoring strength of a PI-LB film is lower than 
that of the rubbed PI film. Whatever the true effect of the grooves may be, when the 
interaction between oriented polymer and LC molecules is screened by three or more 
perpendicularly oriented PI- LB layers, the influence of groove structure is dramatically 
weakened. 



4. CONCLUSIONS 

Highly-ordered multilayer PI-LB films were successfully fabricated by the LB tech- 
nique and showed a strong tendency to align liquid crystals. In order to achieve 
good alignment on ITO-coated glass, three or more PI-LB layers were necessary. 
It was also found that the anchoring direction of the LC was solely determind 
by the dipping direction of the uppermost PI-LB layer. This means that the align- 
ment comes from short range molecular interactions. In our range of dipping speeds, 
the orientational order of our PI-LB films was almost constant. Unfortunately, 
they failed to align the LC with a pretilt angle. Rubbing was found to solve this 
problem in principle, but it was very hard to rub the whole region uniformly. The 
measured polar anchoring strength between the PI-LB film and 5CB is very strong 
(~3 x 10" 4 J/m 2 at 30°C). The alignment texture and pretransitional birefringence 
behavior of an LC cell with PI-LB alignment films clearly showed that the aligning LC 
layer grows epitaxially from the surface. In the case of PI-LB films deposited perpen- 
dicular to the rubbing direction of spin-coated rubbed PI films, results indicated that 
while the groove structure generated by the rubbing process was not the intrinsic 
reason for LC alignment on rubbed polymer surface, it may enhance the anchoring 
strength. 
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Optical second-harmonic-generation study of the interaction of silane-covered surfaces 

with liquid-crystal layers 

M. Barmentlo, F. R. Hoekstra, N. P. Willard, and R. W. J. Hollering 
Philips Research Laboratories, P.O. Box 80000, 5600 J A Eindhoven, The Netherlands 
(Received 13 November 1990; revised manuscript received 20 March 1991) 

Optical second-harmonic generation has been used to determine the average molecular orienta- 
tion of liquid-crystal (LC) molecules adsorbed on various silane-covered substrates. With the use 
of different preparation methods for the silane layers, considerable changes in molecular orienta- 
tion of the polar-ordered part of the first LC monolayer were observed. Concomitantly, the num- 
ber of polar-ordered LC molecules changed. 



I. INTRODUCTION 

Various types of bulk liquid -crystal (LC) alignment can 
be induced by specific surface treatments. However, the 
physical mechanisms which underlie the alignment are not 
completely understood. 1 One would therefore like to 
probe the interaction between the treated surface and the 
LC molecules close to it Optical second-harmonic gen- 
eration (SHG), which is intrinsically surface specific, 
seems an ideal tool for studying these interfaces. 

The interface-specific character of the technique stems 
from the fact that, in the electric-dipole approximation, 
SHG is symmetry forbidden in the bulk of centrosym- 
metric media. Efficient generation of a polarization at the 
second-harmonic (SH) frequency is only possible at a sur- 
face or interface where this symmetry is broken. In recent 
publications, the use of SHG (Refs. 2 and 3) and sum- 
frequency generation 4 (SFG) in studying liquid-crys- 
tal-surfactant interfaces has been successfully demon- 
strated. As a surprising result, it was found with SHG 
(Ref. 2) that the molecular orientation in the first LC 
monolayer adsorbed on glass was not affected by the pres- 
ence of silane layers which yield different bulk LC align- 
ments. 

In this paper, we report that the molecular orientation 
strongly depends on the preparation of the silane layers. 



II. THEORY 

The SH intensity I(2co) reflected from a monolayer of 
LC molecules adsorbed on a substrate is given by 5 

/(2£y)c CS ec 2 0|e 2w ^ (2) :e ft ,e fiJ | 2 / 2 (fi;). (1) 

Here, 0 is the angle of reflectance and # (2) the nonlinear 
susceptibility tensor. e2o, and c w denote the products of 
Fresnel factors and the output- and input-polarization 
vectors at frequencies 2a> and <o, respectively, 5 and I(co) 
denotes the laser intensity at frequency co. In this paper, 
the polarization directions are denoted by p, s, and q> 
where p and s are in the plane of incidence (x-z plane) 
and normal to it, respectively, while q refers to a mixed 
linear polarization with the polarizer set at 45°. 

If the nonlinear susceptibility of the substrate is rela- 
tively small, the SH signal will be dominated by the ad- 



sorbed LC molecules. Assuming the interaction between 
molecules to be negligible, x i2) takes the form 

zgt-NAGfjfragL, (2) 

where a (2) is the nonlinear polarizability tensor of a mole- 
cule and N s is the surface density of molecules. (GfjJ?) 
denotes an appropriate average over molecular orientation 
of the transformation matrix from the molecular coordi- 
nate axes (|,r/,£) to the laboratory system (ij,k). 

For SHG from an in-plane isotropic distribution of mol- 
ecules where a (2) is dominated by a single component, 
a^l\ y along the long molecular axis £, the only nonvanish- 
ing elements are 

X £=N s <cos*e)agl (3) 

^ ) =^-OV,/2)(sin 2 0cos0>4 2 ? ) , (4) 

where x and y are in-plane unit vectors, z is taken as the 
surface normal, and^fl denotes the tilt angle between the 
long molecular axis | and z. It has repeatedly been shown 
that from appropriate input-output polarization combina- 
tions, the average molecular tilt angle 9 can be deter- 
mined, assuming some distribution of 9. 6-10 



III. EXPERIMENT 

The experiments were performed using the 532-nm 
frequency-doubled output of a Nd:YAG laser (YAG 
denotes yttrium aluminum garnet) with a pulse duration 
of 30 ps and a pulse energy of 3 mJ. The unfocused beam 
was directed onto the sample at an angle of incidence of 
45°. After appropriate spectral filtering of the specularly 
reflected beam, the SH output was detected using a pho- 
tomultiplier and gated electronics. The SH wavelength 
(266 nm) is close to resonance for the 4-/z-octyl-4'- 
cyanobiphenyl (8CB) molecules and therefore in all cases 
the SH background of the glass-silane substrates is negli- 
gible. 

The silane layers were deposited onto chemically 
cleaned commercially available BK-7 glass prisms instead 
of glass plates in order to avoid interference of multiple 
reflections of the fundamental beam. The silanes we used 
were 7V,^V-dimethyl-7V-octadecylammoniumpropyltri- 
methoxysilane chloride (DMOAP), 7V-methyl- 
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aminopropyltrimethoxysilane (MAP), and octadecyltri- 
chlorosilanc (OTS). Trimethylsilyl diethylamine 
(TMSDEA) monolayers were used as a completely 
covered nonpolar reference. 1 1 DMOAP and MAP were 
used as received (Petrarch Systems). OTS and TMSDEA 
(Aldrich) were distilled before use. The liquid crystal 
which we used is 8CB, as obtained (British Drug Houses, 
Ltd.) without further purification. 

The modification reactions were performed in three 
different ways. A first batch of substrates was modified 
with DMOAP and MAP, according to Kahn. 12 A second 
batch of substrates was modified in a refluxing 2% solu- 
tion of the appropriate silane (MAP, DMOAP, or OTS) 
in toluene and in the case of DMOAP, methanol, with the 
exclusion of moisture under an atmosphere of argon. In 
this way, polymerization of the silanes in solution is 
minimalized yielding a better-defined monolayer. 13,14 In 
order to obtain a higher density of the desired silane mole- 
cules (DMOAP and OTS), the reaction in batch 3 was ca- 
talyzed with a continuous flow of ammonia (NH3), which 
deprotonizes the glass surface. 14,15 It is known that after- 
wards no relevant fraction of NH3 is left at the sur- 
face. 14,15 The 8CB monolayers were deposited using an 
evaporation technique, 2 where SHG was used as an in situ 
deposition monitor. 



IV. RESULTS AND DISCUSSION 

In order to compare our results with those obtained by 
Mhillin, Guyot-Sionnest, and Shen, 2 we first deposited 
8CB onto clean glass and DMOAP- and MAP-coated 
glass substrates from the first batch (DMOAP- 1, MAP- 
1). The variation in ^-polarized SH intensity under s ex- 
citation (I ps ) obtained during adsorption of 8CB-on the 
different substrates is shown in Fig. 1. The average 
molecular tilt angle 0=61° ±3° was determined assum- 
ing a 5-function distribution. The other input- and 
output-polarization combinations showed the same SH 
response during deposition, which indicates that the orien- 
tation is independent of 8CB packing density. In all 
respects, these results agree with those reported by Mul- 
lin, Guyot-Sionnest, and Shen. 2 For adsorption of 8CB on 
OTS, prepared according to Kahn 12 (OTS-1), we refer to 
the data of Mullin, Guyot-Sionnest, and Shen. 2 They 
found the same tilt angle 0=67° and a reduction in SH 
intensity by more than an order of magnitude with respect 
to that of 8CB on clean glass. 

The fact that no differences in 9 are found for 8CB ad- 
sorption on the different silanes and clean glass is surpris- 
ing, since these surfactant-coated substrates yield dif- 
ferent bulk LC alignments. DMOAP-1 and OTS-1 lead 
to homeotropic alignment (perpendicular to the surface), 
while MAP-1 and often clean glass induce planar align- 
ment (parallel to the surface). 1,12 In addition, the SFG 
spectra of MAP and DMOAP behave differently upon ad- 
sorption of an 8CB monolayer. 4 We believe that the 
anomalies mentioned above can be understood from an in- 
complete shielding of the glass substrates for small mole- 
cules, such as 8CB, by the silanes. Indeed it is known that 
formation of a layer of a multifunctional silane, such as 
MAP, DMOAP, and OTS, according to the procedure of 
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FIG. I. Variation of the SH intensity Ops) during adsorption 
of 8CB on different substrates, MAP-1 (o), DMOAP-1 (A), 
DMOAP-2 (•), DMOAP-3 U), and chemically cleaned glass 
(□). Ips denotes the /^-polarized SH intensity for j-polarized ex- 
citation. 

Kahn, 12 leads to polymerization during deposition and 
gives rise to the formation of a nonuniform multilay- 
er. 13,16 This means that, for instance, although no more 
DMOAP molecules can be attached to the surface, 8CB 
molecules can still penetrate the layer and a reasonably 
high packing density of 8CB molecules can be obtained. 

To check whether the quality of the silane layers can be 
held responsible for the surprising results, we prepared the 
silane layers under various conditions. We will first dis- 
cuss the results for OTS. It is known that formation of 
OTS-2 in batch 2 ensures polymerization of OTS only 
along the surface, thus yielding a better-defined mono- 
layer. 1 ' 3 - 14 Deposition of 8CB on OTS-2 reduced the tilt 
angle to 9 -52° ± 3°, while the SH intensity was reduced 
by a factor of 10 with respect to 8CB on clean glass. By 
catalyzing the chemisorption (OTS-3), the packing densi- 
ty of the OTS monolayer is improved. 15,17 0 was further 
reduced to 39°*± 3°, and concomitantly the SH intensity 
was further decreased. In Fig. 2 the SH intensities of 
8CB molecules adsorbed on differently covered OTS sub- 
strates for different input- and output-polarization com- 
binations are shown. The decrease in overall SH intensity 
and the change in relative SH intensities (l pjl I sq , I pp , and 
Ipg) for 8CB adsorbed on differently prepared substrates 
is clear, indicating the sensitivity of SHG to changes 
in the preparation method of the silane layer. The 
significant change in 9 is not affected by introducing 
Gaussian distribution functions for the molecular orien- 
tation. Assuming, for instance, a standard deviation a 
= 10°, the peak positions only change from 67° to 73°, 
from 52° to 54°, and from 39° to 37°, respectively. 

The results can be interpreted as follows. The SH sig- 
nal is dominated by those molecules that are attached to 
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clean glass OTS-2 OTS-3 

FIG. 2. p- and ^-polarized SH intensities for different polar- 
izations of the excitation beam for 8CB adsorbed on clean glass 
and two differently prepared OTS-covered substrates (OTS-2 
and OTS-3). 



polar glass sites and therefore have polar ordering. The 
remaining 8CB molecules presumably form electric qua- 
drupolar pairs and contribute negligibly to the SH intensi- 
ty. 2 The OTS-1 layer is known to be nonuniform. There- 
fore patches of unshielded glass are present and the 
polar-ordered 8CB molecules have enough freedom to 
align just as on clean glass. The OTS-2 layer has an im- 
proved uniformity. The polar-ordered 8CB molecules are 
now more closely surrounded by OTS molecules and their 
alignment is affected accordingly (0—52 0 ). On the 
OTS-3 surface, the distance between the OTS molecules 
is reduced. The influence on the alignment is therefore 
enhanced 18 (0=39°). Concomitantly, the number of free 
glass sites for the 8CB molecules to attach to is reduced, 
which leads to a reduction of the SH intensity. 

This interpretation is further supported by the results 
for DMOAP. The SH intensity (J ps ) of 8CB on 
DMOAP-2 was reduced by a factor of 2 with respect to 
the first batch and no significant change in 6 was found. 
However, adsorption of 8CB on DMOAP layers, chem- 
isorbed in the presence of NH3 (DMOAP-3), yielded a 
tilt angle 0-52° ±3° and a SH intensity (I ps ) reduced 



by a factor of 9 with respect to 8CB on clean glass (see 
Fig. 1). 

The fact that the DMOAP-2 surface did not influence 
the alignment is not surprising, since the DMOAP head 
group covers more space than the OTS group and there- 
fore the distance between the alkyl chains is greater. 
Since DMOAP-3 did, in fact, influence 0, we conclude 
that the DMOAP packing density must have been im- 
proved. In order to test the DMOAP layers, cells have 
been produced from these substrates. They showed regu- 
lar homeotropic alignment of the bulk LC 

Adsorption of 8CB on MAP-2 and DMOAP-2, which 
differ only in the presence of an alkyl chain, yielded the 
same results, supporting the idea that the alkyl chains of 
DMOAP-2 do not yet play a role in the alignment of the 
first polar-ordered LC monolayer. Catalyzing the chem- 
isorption of MAP with NH 3 is not possible. 

Finally, adsorption experiments carried out on tri- 
methylsilyl-covered glass substrates, which were used as a 
completely covered nonpolar reference, 11 yielded very 
weak SH signals. Here, the 8CB molecules are unable to 
find polar sites. Also for glass substrates, which were not 
chemically cleaned, we found that the polar character of 
the surface is greatly reduced. This indicates that the SH 
intensity can be used as a gauge of the surface density of 
polar sites at a surface. Adsorption of 5CB, 6CB, and 
7CB (predecessors of 8CB in the homologous series) on 
clean glass yielded virtually the same results as for 8CB. M 

V. CONCLUSIONS 

We were able to prepare various surfactant layers of 
OTS and DMOAP, which yielded a measurable change in 
the molecular orientation of the first LC monolayer as 
measured by SHG. A change in 6 up to approximately 
30° towards the bulk alignment could be induced, depend- 
ing on the amount and structure of the silane. It is con- 
cluded that the SHG data yield information only on LC 
molecules attached to polar glass sites. Such molecules 
may constitute only a (minor) fraction of the first LC 
monolayer. 
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Abstract. Rubbed polyimide films were investigated by 
Atomic Force Microscopy (AFM). On a large scale, 
microgrooves due to rubbing treatment were observed, 
whilst on a small scale, polyimide chain molecules were 
found to be non-uniformly oriented: Liquid-crystal mono- 
layers were adopted in this study as visualizing media for 
AFM observation. 

PACS: 61.30; 61.16; 6835 



To shed light on the mechanism by which such a poly- 
mer alignment method works, it is desirable to directly 
observe the rubbed polymer film on a small scale. In this 
paper, rubbed polyimide films, which were coated and 
uncoated with LC monolayers, were investigated by the 
newly invented Atomic Force Microscopy (AFM). AFM 
should represent an ideal tool for surface characterization 
due to its high resolution and the simplicity for sample 
preparation [12]. 



It has been established empirically that homogeneous 
alignment of liquid-crystal (LC) mesophases (average 
molecular orientation parallel to the surface along some 
easy axis) can be induced by the rubbing of polymer- 
coated substrates between which the LC layer is sand- 
wiched [1]. However, the rubbing process and the related 
physical mechanism responsible for the LC alignment is 
not yet fully understood. One possible alignment mecha- 
nism is that alignment acts through the elastic interactions 
between the rubbing-induced microgrooves and the LC 
molecules [2], which is applicable in some cases [3]. 
According to Berreman's calculation [2], it is preferable in 
energy for all the molecules to lie along the grooves, 
creating a uniformly aligned cell along the rubbing direc- 
tion. But Geary et al. [4] have found that such a mecha- 
nism is unsuitable for some reasons. On the other hand, 
Castellano [5] adopted an alternative concept that LC 
alignment is induced by the orientation of the polymer 
chains with the hypothesis that rubbing of the films 
orients the polymer chains along a preferred direction 
through localized melting. Recently, a variety of tech- 
niques have been employed to investigate the rubbed 
polymer films [4, 6-8] and the orientational distribution of 
LC molecules on polymer films [9-11]. However, the mech- 
anisms proposed above are still lacking direct experimental 
verification of the microscopic pictures they purport. 
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1 Materials and experimental details 

Polyimide PI-1 was purchased from Shanghai Jiaotong 
University and used without further purification. Freshly 
cleaned glass plates were first treated with a silane coup- 
ling agent, after which a thin polymer layer was applied by 
spin coating (3000 rev/min) followed by a thermal baking 
step to evaporate the solvent remainder (30 min at 80° and 
60min at 180°). All drying were carried out in a fan 
circulated box oven with nitrogen purging. The resulting 
layer thickness was about 200 A. Polymer-coated substra- 
tes were unidirectionally rubbed using a cylinder 620 mm 
in diameter. The height of the revolving cylinder is ad- 
justed until it just moves the substrate; this is defined as 
the zero position. The height of the drum is then lowered 
down a distance L d = 0.75 mm. During the rubbing pro- 
cess, the cylinder was spinning at 560 rev/min and the 
glass substrate was passed beneath it by means of a mov- 
ing table at a velocity of 15 mm/min. It is the standard 
rubbing process used by the LC display industry [3]. 

A liquid-crystal cell was assembled using two substra- 
tes prepared above with their rubbing directions anti- 
parallel. The distance of the cell was controlled by glass 
fibers with a nominated diameter of 20 \im. The liquid- 
crystal, 8CB, was introduced into the cell by the capillary 
action. To minimize the effects of flow alignment, the cell 
and the 8CB were heated up to the clearing point of 8CB 
when filling. Then the cell was slowly cooled down to the 
nematic and smectic phase of 8CB for observation. 

For monolayer deposition, 8CB was dissolved in 
chloroform to a concentration of 1.0 x 10~ 3 M. The solu- 
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Fig, 1. AFM image of the unrubbed polyimide film 



tion was then spread onto a double-distilled water surface 
on a Langmuir trough to form a monolayer. The temper- 
ature of the subphase was held at 18°C with a precision of 
0.5°C. Each mpnolayer was compressed at a constant 
velocity of 15 A 2 /min molecule to the expected pressure 
and held automatically during monolayer film prepara- 
tion. The surface pressure was measured by a Wilhelmy 
balance with an accuracy better than 0.1 mN/m. To de- 
posit 8CB monolayer films, the surface pressure was kept 
at 3.5 mN/m and the dipping speed was 1 mm/min. 

The 8CB covered- and uncovered-samples were exam- 
ined with a commercially available AFM (Nanoscope III, 
Digital Instruments, Santa Barbara, CA) under ambient 
conditions. AFM operated in the contact mode with 
a loading of about 10 nN. We used microfabricated pyr- 
amidal shaped Si 3 N 4 -tips integrated into a rectangular 
cantilever with a typical force constant of 0.12 N/m. 



2 Results and discussion 

2.1 Polarizing microscope observation of LC cells 

To determine the alignment capability of rubbed polyim- 
ide films, the LC cell was observed under a polarizing 
microscope (with crossed polarizers). The incident light 
was normal to the polymer-coated glass plates, and the 
cell could be rotated around the direction of the incident 
light. Under this microscope, the 8CB texture in the cell is 
uniform. The intensity of the transmission light in the cell 
changes periodically with a period of 90° when the cell is 
rotated. When the rubbing direction is oriented at 0° with 
respect to the analyzer, the transmission reaches the min- 
imum value. While when the rubbing direction is oriented 
at 45°, the transmission increases to its maximum value. 
This indicated that 8CB molecules are homogeneously 
aligned along the rubbing direction on the surface of 
rubbed polyimide films. 



2.2 AFM characterization of rubbed polyimide films 

For comparison, we first image a pristine surface. The 
result is given in Fig. 1. The scan size is 2.0 fim x 2.0 [im. 



Aggregations of polyimide domains are visible in this 
figure. The mean roughness of this unrubbed polyimide 
film is about 7.5 nm. 

Fig. 2a shows the typical morphology of rubbed poly- 
imide film. The rubbing direction is shown by the arrow in 
this figure. Several microgrooves due to rubbing treat- 
ment could be observed, which are similar to those ob- 
served by scanning electronic microscopy [3]. These 
microgrooves should play some role in LC alignment, 
though it has been realized that rubbing-induced micro- 
grooves are not dominant in either LC bulk or LC mono- 
layer alignment. 

A closer look at the rubbed polyimide surface (Fig. 2b) 
reveals clearly the effect of rubbing on polymer layers. In 
contrast to Fig. 1, the surface of rubbed polyimide film is 
much more smooth, with a mean roughness of only about 
2.5 nm. Furthermore, the boundary of polyimide domains 
on the rubbed surface is more blurring than that of their 
precursors, leaving the vestiges of rubbing. According to 
aforementioned rubbing process, the total length of rub- 
bing cloth that passes a unit length of the polyimide- 
coated substrate, denoted by L u> is 

L u = [2n(r + I - L d )(o + V]LJv (1) 

where L d is the distance of the drum lowered from the zero 
position, (o and r are the rotation speed and the radius of 
the cylinder, v is the rate of moving table and J is the pile 
length of rubbing cloth. In this experiment, because 

r»/-L d (2) 

(1) can be rewritten as 

L u = (2nrco + v) LJv. (3) 

Thus L d can be used as a direct measure of rubbing 
strength as long as other parameters in (3) are kept con- 
stant. Figure 2c and d show the AFM image of rubbed 
polyimide films with L d =0.25 mm and L d = LOO mm 
accordingly. In comparison with Fig. 2b, one can see 
clearly the difference in surface structures when changing 
the rubbing strength. The calculated mean roughness of 
Fig. 2c and d are on the order of 5.0 and 1.5 nm, respec- 
tively. Summarizing the results presented above, the rub- 
bing cannot only produce microgrooves on polyimide film 
surface, but also force a top layer of polyimide molecules 
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Fig. 3a-d, AFM image of 8CB monolayer-coated 
rubbed polyimide film (a) and its high-pass transform 
(b); rubbed polyimide films (L d = 0,75 mm) (c) and its 
high-pass transform (d) 
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Fig. 4a, b. AFM image of 8CB monolayer-coated 
polyimide LB film deposited on rubbed polyimide 
film (a) and its high-pass transform (b) 



to move on the surface resulting in a more smooth surface. 
These processes will cause the permanent shear deforma- 
tion of polymer chains [4]. The rubbing strength can be 
simply changed by the alteration of L d . 

For the sake of imaging the detail structure of polyim- 
ide chain molecules, we still imaged the rubbed films to 
a nanometer scale so as to check the detailed structure of 
polyimide chains, However, no meaningful images of 
chain molecules could be obtained, though our AFM 
machine has the ability to achieve a molecular resolution 
when imaging polyimide molecules in polyimide LB films 
[13]. It has been well established that chain molecules 
under rubbing could be oriented in the rubbing direction 
when subjected to the shear force of rubbing [4], This 
phenomenon has already been demonstrated by several 
techniques such as optical-phase retardation [4, 6, 7] and 
X-ray-scattering measurements [8]. We were unable to 
observe a single polyimide chain in the rubbed cast film in 
the mentioned condition, probably because the polyimide 
chains were not uniformly oriented in the rubbing direc- 
tion on a small scale. According to Weihs' models [14], it 
seems unable for our AFM to determine a single polyim- 
ide chain in a non-periodic arrangement. However, Weihs' 



model [14] does not eliminate the possibility of images 
with apparent atomic or molecular scale periodicity (This 
is the case for polyimide LB films [13]) due to moire or 
multiple imaging [15]. For a better understanding of the 
surface structure of rubbed samples on a microscopic 
scale, we carried out the following experiments. 

23 AFM characterization of 8CB-monolayer-coated 
rubbed polyimide films 

It has been known for many years that if a liquid crystal is 
spread on top of an anisotropic polymer substrate, the 
energy of the LC molecules at the LC-polymer substrate 
will depend on orientation, thus inducing preferential 
alignment of the LC director. So the structure of aligned 
LC layers may provide some information of the underly- 
ing polymer alignment layers. In order to obtain more 
detailed information about the surface structures within 
polyimide orienting layers, we deposited LC molecules of 
8CB onto rubbed films as a visualizing media for AFM 
studies. Only one monolayer was deposited so as to rule 
out the bulk effect. Figure 3a shows the result. For 
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comparison, the AFM image of the uncoated sample is 
also shown in Fig. 3c. It is clear that the surface of 8CB- 
monolayer-covered rubbed polyimide film looks much 
rougher. This feature is much more distinctive after 
a high-pass transform of the originally obtained AFM 
image (see Fig. 3b and d, respectively). It is certain that 
these rough structures were formed by LC molecules and 
LC molecules were not uniformly aligned on the rubbed 
surface on a microscopic scale. We conjecture that this 
phenomenon was correlated with the local non-uniform 
orientation of chain molecules within polymer alignment 
layers and thus the previously measured in-plane aniso- 
tropy [4, 6-8] in rubbed polyimide films is only an aver- 
age effect on a relatively macroscopic scale. This con- 
clusion was further supported by the following experi- 
ments. Rubbed polyimide film was first covered with two 
monolayers of polyimide LB films and then a monolayer 
of 8CB molecules. Figure 4a shows the AFM observation 
results. Its high-pass transform is shown in Fig. 4b. No 
visible difference in surface structure could be observed 
before and after the coverage of 8CB monolayer. The 
surface in Fig. 4a is much more smooth than that in Fig. 
3a and no similar rough microstructures are visible. This 
observation result is in agreement with our previous STM 
studies on 8CB-coated polyimide LB films, in which per- 
fect local and global ordering of chain molecules was 
observed [13, 16] and all 8CB molecules were uniformly 
aligned along the dipping direction [16]. 

In conclusion, through atomic force microscopy 
investigations, we found that rubbing cannot only 
produce microgrooves on polymer surfaces, but also in- 
duce a macroscopic orientation of polyimide chains in 



the rubbing direction. However, on a small scale, the chain 
molecules were not uniformly oriented, resulting a local 
non-uniform alignment of LC monolayers. 
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Preface 



Research in the field of Molecular and Liquid Crystals has reached a certain 
degree of maturity. It was considered timely, therefore, to inaugurate a sup- 
plement series to the journal of Molecular Crystals and Liquid Crystals. The 
aim of this series is to provide in-depth reviews, in the form of monographs, of 
specific topics within this wide and rapidly growing field. As a result of expan- 
sion and diversification, regular research articles must be highly specialized. It 
is important, therefore, to provide the mechanism whereby researchers, stu- 
dents and practitioners can readily obtain a balanced view of the important 
results in various areas of the overall field. This is the aim of this new supple- 
ment series. 

G. J. Dienes 
Managing Editor 
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INTRODUCTION 

The most recent reviews concerning the alignment of liquid crystals (LC) ap- 
peared five years ago. 1 " 3 Since then studies of LC alignment have proceeded 
actively: the tangential evaporation of oxides and fluorides has found wide 
industrial acceptance: aligning properties of layers deposited in various ways 
have been well documented and studies of LC surface interactions are numer- 
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ous. Many methods of aligning LCs have been described but attempts to util- 
ize or even reproduce published results are often discouraging. 

It is the purpose of this paper to review the various methods described, to 
extend them to other commercial LC mixtures and point out the most reliable 
ones, as found through our own experience in developing displays for elec- 
tronic watches. 

We have sought to be comprehensive up to December 1979 and cite any 
English, French or German references available to us through computer 
search, abstracts bibliography and cross referencing. It was thus impossible to 
cover all studies and we considered only the most practical methods of LC 
alignment compatible with practical requirements. We insist on those pro- 
cesses that give reproducible results. 

An evaluation of an alignment process has to consider its reproducibility, 
applicability to various LCs, lifetime and compatibility with the associated 



LC Code 

(1) LC commercial mixtures 

( from our chromatographic analysis ) 



Code 


Composition 


Tni °c 


Source 


Zli 1132 


0.15BCH-5, 0.24 PCH-3 ; 0.36 PCH-5 
0.25 PCH-7 


70 


Merck 


E3 


0.55 K15; 0.14 M 15; 0.13 M 21; 0.18 M 24 


54.3 


BDH 


E7 


0 51 K15; 0.25 K 21 ; 0.16 M 24; 0.08 T 15 


59.8 


BDH 


E8 


0.45K15; 0.16 M9; 0.12M15 ; 0.16 M 24 
0.11 T 15 


70.5 


BDH 


ROTN 103 


0.05 PEPN4 . 0.24 PEPN5;0.13 PEPN 6 
0.18PEPN7;0.12P 3 5 ; 0.08 P, 7; 0.20 TP, 4 


81.4 


Roche 


ROTN 200 


0.33 S3 ; 0.67 S6 


65.2 


Roche 


ROTN 404 


0.31 M15; 0.14 M 24 ; 0.14T15 . 0.09 P 3 5 
0.18P 3 7;0.14TP 3 4 


105 


Roche 



Merck—Frankfurter Str. 250 D 6100 Darmstadt 1 

BDH —Poole Dorset BH 124 NN England 

Roche— Liquide Crystals group RA/LC CH-4002 Basel 
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sealing process. Sealing of LC displays involves either a high temperature 
(500°C) glass frit technique or adhesives cured around 200°C. 

Most alignment methods have been tested on MBBA,f a very sensitive 
Scruff's base LC, while biphenyls, esters or phenylcyclohexane eutectic mix- 
tures are of current industrial interest. Our evaluations considered the 
commerical mixtures ROTN 200, ROTN 103, ROTN 404, E7, E8 and Zli 
1 1 32. t On filling a cell, the nematic director generally aligns in the direction of 
flow (4a), but the resulting orientation is temperature sensitive (4b). Heating 
the LC to its isotropic phase will often promote a uniform alignment, and slow 

LC Code 

(2) LCs of current industrial use 



CBtl 


NC-<@H(0)-Ch i (CM,>CM-C,m 1 


PCH-5 


nc -(2HS Hc,m " 


S3 




PCH-7 




S6 




HPE -33 




K-15 




HPEH-23 




K -21 


NC-@-©-C t H,. 


HPEH-43 


m.c.-QhJo)- COO -Q^cht 


M-9 


NC-<O)-©-0C 1 H, 


PEPN4 




M-15 




PEPN 5 


H c 00 c c 1 M " 


M-2t 


"C-@-@-9C,M„ 


PEPN6 


HC -©~ 00 c c » Hn 


M-24 


NC-^-^^-OC.Mii 


PEPN 7 




T -15 




P 3 5 




1CH -5 


NC-^@-0-C,H n 


P 3 7 




PCH -3 


Nc ^K3 k " ciM ' 


T V 





tSee LC code. 
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(3) Abbreviations used in the text 



Azo 



Azoxys (A) 



Azoxys eut. mixt. 

BAB 

BBCA 

BECS 



LCs with an azo linkage R ~^Oy~ N ^ N "~^0^~ R ' 

LCs with azoxy linkage R "~"^0^~ N==I |*^0| 

Azoxys eutectic mixture 
4,4'-Bis(/7-butoxy)azoxybenzene 
4-Butoxybenzylidene-4'-cyanoaniline (pSB) 
4-/r-Butyl-4'-ethoxy-a-chlorostilbene 



CB 

CBOA 



CE 
CN 

DIBAB 

Esters 

MBAB 
MBBA 
MPT 
n 

OCB 
P 

PAA 
PAP 

PCH 

p Esters mixt. 
PHT 

SB 



Stilbenes (S) 



Tolans (T) 



Cyanobiphenyls 

4-Cyanobenzylidene-4'~/7-octylaniline 

Cyano esters 
Cholesteryl nonanoate 
4,4'-Di-fl-butylazoxybenzene 
Dielectric anisotropy 



LCs with an ester linkage 



4-Methoxy-4'-butylazoxy benzene 

4-Methoxybenzylidene-4'-/i-butylaniline (nSB) 

4-Methoxy-4'-pentyltolan 

Negative dielectric anisotropy (de < 0) 

Alkoxycyanobiphenyls 

Positive dielectric anisotropy (Ae > 0) 

Panz-azoxyanisole 

/to-azoxyphenetol (4,4'-ethoxyazoxybenzene) 



Phenylcyclohexane 

Mixture of positive LC esters 
4-Propyloxy-4'-heptyltolans 



LCs with a Schiff base linkage 



LCs with a double bond linkage 



LCs with a triple bond linkage 



COO 
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cooling also favors the LC alignment but such tricks characterize a weak align- 
ing mechanism with reproducibility not guaranteed. 

For practical purpose a good aligning process has to produce a uniform 
alignment immediately on filling the cell. In the case of weak effects the real 
cause of alignment may not be the supposed mechanism. 

J A CRITICAL REVIEW OF THE LITERATURE 

I.I The alignment of liquid crystals on smooth surfaces 

1. 1.1 Inorganic Substrates 

The surfaces of glasses, oxides and metals exhibit an aligning influence on liq- 
uid crystals (Table I). The reproducibility and uniformity of this type of 
alignment is poor as the substrate surface is ill defined. The cleaning proce- 
dures employed in the substrate preparation also play a role, e.g., MBBA 
molecules will align perpendicular to the surface (homeotropically) of acid 
treated glasses 5 or oxides, 6 ' 7 but nonuniform alignment parallelf to the sub- 
strate surface is obtained with fired 5 or detergent cleaned glasses. 6,8 Homeo- 
tropic alignment on acid treated surfaces is limited to a few Schiff bases, and 
attempts to rationalize the alignment effect observed on 12 different LCs led 
to the hypotheses that it was due to a homeotropic aligning impurity, 7 as most 
polar molecules tend to induce perpendicular alignment (see paragraph 3). 
Recent investigations gave elegant evidence of the dramatic influence of im- 
purities on LCs alignment in many compounds. 9 Boiling a glass plate in sul- 
furic acid is supposed to unpolish it, as does dipping in HF solution, 10 which 
may help homeotropic orientation, as observed with MBBA, however, acid 
washed glasses align azoxys parallel to the substrate. 10 Oxidation of Sn0 2 or 
In 2 03 coating in an oxygen plasma lead to layers causing parallel alignment of 
biphcnyls. 25 ' 26 

In Table I reported alignment effects of cleaved crystals and evaporated 
layers have been collected. One sees that, although some layers have been ob- 
served to induce homeotropic alignment of certain LCs, generally parallel 
alignment is observed. We have been unable to obtain reproducible homeo- 
tropic alignment using evaporated inorganic layers although it does occur 
sometimes. It has to be considered that reliable homeotropic alignment may 
not be obtained from such surfaces. 

1. 1 .2 Organic polymers 

Polymer coatings on glass substrates can be employed to align liquid crystals, 
but film uniformity and the substrate used influence the observed results. 



t The terms "homogeneous and parallel" imply parallel uniform, and nonuniform alignment, 
respectively. 
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Polyimide layers have been claimed to align MBBA homogeneously 27 but our 
investigation proved that the alignment is generally parallel but not uniform. 
The alignment properties of most polymers have been evaluated, and Table II 
summarizes our results for cast films, together with the available published 
data. A wide variety of methods 34 has been used to form the polymer layer 
which is preferably thin in order to avoid an excessive potential drop in the 
dielectric layer. The film may be transferred to the surface from a liquid, while 
polymer casting and thermal or plasma polymerization of the monomer have 
also been used. The most common method is to form the polymer from par- 
tially polymerized solution by dipping or spin coating followed by curing. 
That the condition of film formation determines the final result may be indi- 
cated by the case of polytetrafluoroethylene (PTFE) films. As a result of an 
experiment with a series of photopolymerized 1000 A PTFE films we observed 
that some films gave a homeotropic alignment while others did not. An at- 
tempt to determine the critical surface tension of these films proved that a con- 
tinuous variation of the contact angle of liquids of different surface energy 
could not be obtained on those films which did not align LCs. It was also ob- 
served that films obtained from fluorinated polymer suspensions did not give 
homeotropic alignment of ester or biphenyl mixtures. It has been reported 
that MBBA does not align on PTFE films transferred by sliding contact on to 
glass substrates, 38 while sputtered PTFE films align most LCs, including 
MBBA. 34 Such a discrepancy is evidently related to the state of the surface of 
the deposited film. 

Smooth, uniform polymer layers of PTFE and silicones induce homeo- 
tropic alignment of most commercial LCs with the exception of phenylcyclo- 
hexane (Merck Zli 1132) and tolan 34 mixtures. Alignment of these mixtures 
may be obtained by plasma polymerization of fluorinated alkene monomers 25 
or perfluorocycloalkanes 31 and by films deposited from silicone solutions (see 
also paragraph 4). These homeotropically aligning plastic films excepted, 
other polymers, including plasma deposited films, do not give an uniform 
parallel alignment and a further rubbing is needed to provide uniformity. 

Polymer coatings do not sustain high temperatures and displays employing 
such coatings must be sealed with an adhesive which is compatible with the 
polymer layers. This calls for a careful choice of adhesive in the case of sil- 
icones. Fluorinated polymers deposited by plasma polymerization of perflu- 
orocycloalkanes, 31 as well as polyimide layers 30 are reported to be compatible 
with a glass frit sealing. 



In general, smooth layers of glasses, oxides or polymers orient the nematic direc- 
tor parallel to the substrate but do not induce uniform, reproducible LC 
alignment. 
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1.2 Alignment on grooved surfaces 

Rubbing, tangential evaporation or shallow angle ion beam etching (SAIBE) 
produce a wavy surface. It has long been acknowledged that the rubbing of 
glass plate induces uniform alignment of LCs, 39,40 with the nematic director 
nearly parallel to the substrate surface. 41 For some time it was considered that 
the material used for rubbing determined the efficiency of the process, f It is 
now clear, however, that, as proposed many years ago, 39 any rubbing mate- 
rial, e.g., paper, tissues, brushes and polishing powders, gives good results. 
Some LCs align more easily than others and reproducibility is not very good 
on substrates that are simply rubbed. The use of polishing powder, such as 
diamond paste, improves the alignment and is a requisite for hard layers of 
silica or fluoride. 

Glass has a surface layer extending one micron in depth which has higher 
entropy than the bulk 42 and may be easily deformed by rubbing, producing a 
wavy surface. Because of its higher energy this surface layer melts 125°C below 
the softening point of the glass 42 (i.e., around 475°C for soda lime glass) and, 
therefore, the effects of rubbing disappear above this temperature. Glass frit 
sealed cells, therefore, require the use of layers of high melting point com- 
pounds. SiC>2 deposited by sputtering, CVD or an electron gun, as well as 
MgF 2 . 13,20 BaTi04, Ti0 2 , 22 Cs 2 0, Y 2 0 3 , BN, 19 CeO 19 or Si 3 N 4 18 layers give, 
after rubbing with diamond paste or cerium oxide powder, 43 ' 20 good, homo- 
geneous aligning layers but the results are very sensitive to further processing. 
It is likely that these hard materials are difficult to groove sufficiently. 

Oxides, 17 fluorides and metal layers evaporated obliquely to a substrate 
generally align the LC molecules parallel to, or at a slight angle from, the sur- 
face 44 but tangentially evaporated calcium fluoride is reported to align the 
molecules nearly perpendicular 12 although we could not reproduce this result. 
Slant evaporation of a metal and subsequent thermal oxidation 21 or shallow 
angle ion beam etching (SAIBE) 45a produce the same results. Obliquely evap- 
orated SiOx and MgF 2 layers give reproducible results and this method is 
widely used for the fabrication of small displays; it is further compatible with 
any type of sealing. 

When high temperature resistance is not required, as in experimental cells 
or plastic sealed displays, it is advantageous to coat the electrodes with a soft 
polymeric layer which is rubbed afterwards. Any polymer is suitable, pro- 



t Alignment of LCs by rubbed surfaces is sometimes wrongly attributed to J. F. Dreyer who 
omitted, in his paper "Orientation of the surface of glass" [Glass. Ind. 29, 197(1948)], to quote the 
work of Zocher and Coper (Ref. 39). This point has been cleared up in a letter to the editor by 
C. D. West [Glass. Ind. 30, 272 (1949)], which provides an English translation of the main para- 
graph of Ref. 39. P. Chatelain, 40 who studied in detail LC alignment by rubbed surfaces, also 
ignored this work which clearly established the inHuence of rubbed glass surfaces on the orienta- 
tion of PA A (which was used to prove the glass surface anisotropy) and that it was a property of 
the clean surface. 
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vided that it is possible to deposit it as a thin film (Table II) and most LCs will 
align homogeneously. Rubbed polyvinyl alcohol or polyvinyl butyraldehyde 
have been proposed as a method of forming an internal polarizer and an align- 
ing layer simultaneously, 33 but the polarizing effect is weak. The quality of the 
alignment depends on the polymer layer thickness and the substrate uni- 
formity. It is often advantageous to provide the electrodes with an interme- 
diate layer that promotes adhesion and uniformity. As previously described, a 
wide variety of methods has been used to form films on a glass substrate. The 
rubbing of substrates on which a polymer powder was spread, or rubbing with 
a piece of polymer, have also been described as producing good aligning 
layers. 46 Although the surface deformation of glasses and polymers has not 
been clearly shown, the grooves produced by rubbing with a polishing 
paste 43 ' 47 and the striated nature of tangentially evaporated layers 48 " 53 has 
been shown by photomicrographs. A grating made of a photoresist layer 47,54 
or of SiCh 51 induces homogeneous alignement of a LC. 47,50 Many surfaces 
tend to align LCs parallel and striations on these surfaces provide uniformity, 
which has led to the claim that any striated surface, whatever the substrate and 
the method used to produce them, 55 induces homogeneous alignment. In fact 
homeotropic aligning layers, e.g., evaporated CaF 2 , show at most a leaning of 
the molecular axis when striations are induced by oblique evaporation, and 
polymethylsiloxane still promotes an homeotropic alignment after it has been 
rubbed (see Figure 9). 

One point which is not clear is the surface nature of evaporated inorganic 
layers which are sometimes found to induce homeotropic alignment (not in a 
reproducible manner) but, once rubbed, promote a homogeneous alignment. 

1.3 Alignment by surface active agents 

It has long been observed 56 that surface active agents promote LC alignment. 
They may be either dissolved in a LC, or deposited on the cell walls. Small 
amount of surfactants may be dissolved in LCs conveniently through a com- 
mon solvent which is evaporated afterwards. Spontaneous homeotropic 
alignment of the mixtures is observed on glass or oxide surfaces. Most surfac- 
tants have been described as effective (Table III) and examples are given for 
negative LC mixtures. These observations have been hastily extended to "liq- 
uid crystals" in general. As surfactant induced alignment is complex depend- 
ing on the substrate, mode of application, LC composition (see § II. 1.8), the 
use of these data needs critical evaluation. 57,65 For displays operating in the 
field effect mode, the increase in conductivity due to an ionic dopant is a dis- 
advantage and, therefore, nonionic compounds are preferred. Cationic sur- 
factants, which are long chain substituted ammonium salts, are very effective 
in promoting homeotropic alignment of negative 58 " 60 and positive 20, 1,7 LCs al- 
though they increase the LC conductivity. Figures obtained for various con- 
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TABLE III 

Surfactants agents reported to induce homeoiropic alignment of nematic LCs 



Surfactants 



Liquid crystal 



Ref. 



1. ANIONIC 

1.1. ACYCLIC CARBOXYLIC ACIDS: R-COOH 

R = C*Hj B *, n > 10 

* =8, 11, 19 

n = IB (stearic acid) 
R = C B Hi7CH=CH-(CH 2 ) 7 (oleic acid) 
R = d,F to fi « = 18 

R-(COOH) 2 

R = C„H 2 „ + i = 18 (octadecylmalonic acid) 

1.2. AROMATIC ACIDS: R— ^Q^-COOH 
R = 4NHz; 4 OH; 3 OH 

R = C,H 2 „ H 0 /i = 9, 10, 12, 14, 16, 18 

* = 8 

R = C„H^, n = 6, 12 

R = CH 2n+ ,-COO ii =3, 17 



R-< ( CH : COOH 
R = 4NH 2 , 4 OH. 2-5 OH 

^ — ^ — (CHi) 2 — COOH 
R = 4NH 2 , 4 OH. 3-4 OH 



r-/QVch=ch-cooh 



R = CH 2n+1 0 
R = C„H 2n+1 -COO 



n = 10, 12, 18 
n - 1. 12, 18 



COOH 




R, = C 6 H,,0 R 2 = CI 

R] = C]*H 33 0 R 2 =s CI 

1.3. CARBOXYLIC ACID WITH LC STRUCTURE 
1.3.1. Derivatives of Scruffs base 



MBBA 

n-Schiff base mixt. 

n-Ester mixt. 

MBBA 

MBBA 

Esters 



n-Schiff base mixt. 
n-Ester mixt, 
n-Azoxy mixt. 



n-Schiff base mixt. 
n-Ester mixt. 
n-Azoxy mixt, 



n-Schiff base mixt. 
n-Ester mixt. 
n-Azoxy mixt. 

n-Azoxy mixl. 



n-Azoxy mixl. 



n-Ester mixt. 



5 
61 

60 
60 
3 

64 



61 
62 
66 
62 



61 



61 



62 



56 



R»-fQ WCH=N-/Q\-COOH 
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Surfactants 



Liquid crystal 



Ref. 



R' = H, R„ = 4 OH, 3 OH, 2 N0 2 -3 OH, 3-4 OH, 2-4 .OH, n-Schiff base eut. mixt. 



2-4-6 OH 

R„ = CH^.O n = 1, 7, J3. 
R„ = C„H 3 „*} n =1,4, 7. 13 

R' = OH R„ = CH^.O * = 0. 1, 3, 7, 13 

R« — 4 OH, 3 OH, 3-4 OH 

R* = C,H 2fl+t O n = 1.3, 4, 15 

R* = G,H2, * = 1,4,7, 13 

^3^ CH=N_ ^(0)^ CCHj)2COOH 

R = 4 OH 

R = CH* + ,0 1,4,7, 13 

R = CH W »= 1.4,7, II 

R = C,H t7 0 



n-Esters eut. mixt. 
n-Azoxy eut. mixt. 
n-Azo eut. mixt. 



As above 



61. 62 



61 



n-Ester mixt. 



56 



R \0/ CH=N \0/ CH ~ c " c00H 

CH 3 

R = CHiO R = C 2 H s O (slow) 

1.3.2. Derivatives of LC azoxy structure 

R-^^N=N-<^^~COOH 

R = CH to *,0 ff= 1.2,4.6. 12, 18 
R = C,H 2n+1 COO n = 3, n = 15 
R fl = C„Hi n o n — 14 



r^O)^ n= j^O)^ c==c - 1 

R - CH 2 „ +1 0 n = 2. 4 
1.3.3. Derivatives of LCs with ester structure 



COOH 



n-Ester mixt. 



n-Azoxy eut. mixt. 



n-Azoxy eut. mixt. 



56 



62 



62 



coo- 



COOH 



n-Azoxy mixt. 
n-Ester eut. mixt. 



62 
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TABLE III {continued) 



Surfactants 



Liquid crystal 



Rcf. 



R = CH*hO » = 10. 14 
R^C„H Jfl *i n =4, 8. 18 

R = C,H^iCOO n =3.15. 17 



C 2 HsO^Q^COCM^Q^CH==CH--COOH n-Azoxy eut. mixt. 
1.3.4, Derivatives of LCs stilben structure 



R-^Q^CH=CH-<^Q^COOH 



R = CHz^iO * = 8, 18 
R - C n H 2nM COO * = 6. 9 

1.3.5. Derivatives of LCs azo structure 



R = CH^iO 

R — C^Hjfl+i 

R = C fl H 2n+ ,COO 



n = 1.6, 12. 18 
n = 6. 10. 14 
n = 3, 7. 15 



1.3.6. Derivatives of cyanobiphenyls 



n-Azoxy mixi. 
Chloro stilben mixt. 



n-Azo eut. mixt. 



62 



62 



62 




1.4. ANIONIC SURFACE ACTIVE AGENTS 

Cobalt, zinc naphihenate 
Sulfated alcohols 
Sulfated ethers 

2. CATION IC 

2, 1 . ALKYL AMMONIUM SALTS CHj-i-N*(R, ) X" 

2.1.1. X" = halogen 
n> 10 

n = 16 (Cctyl trimethy! ammonium bromide) 
n = 16 (Cetyl trimethyl ammonium bromide) 
a = 16 (Cetyl trimethyl ammonium bromide) 
C,F p S02NH(CH2)jN*(CHj)i 

2.1.2. X" = benzoate 



y CHi 

Ci 8 Hi7N v — C 2 H 
CHj 



o, 



ooc- 



OC 6 Hn 



C A H>— N + HCH3) 3 G OOC-^Q^-C7H ls 



E7 



MBBA 
MBBA 
MBBA 



MBBA 
MBBA 
n-Ester mixt. 
PA A 

MBBA-E7. TNI03, ZU1I32 
n-Schiff base mixt. 



n-Schiff base mixt. 



45c 



58 
58 
58 



75 
58.57 
58.59 

58 
75-20 

70 59 



62 



70 
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Surfactants 



Liquid crystal 



Ref. 



2.1.3. X" = tetraphenyl borate 

(C,iH J 7) 2 N*(CH J )HC 6 H5)4B" 



n-Schiff base mixt. 



69 



2.2. ALKYLPYRWINWM SALT 



n = 16. 12 (X" = Br") 

n = 16 (X- = (06^)410 

2.3. ALKYLIS0QU1N0L1NWM SALTS 



n-Schiff base mixt. 
n-Esier mixt. 



n-Ester mixt. 



n = 12 



PAA 



n-Schiff base mixt. 



2.4. 7-ALKYL-l. 8-DJAZAB1C YCL0[5. 4. Q\UNDECEN AMMONIUM 
C, & H33-N^^ 



n-Schiff base mixi. 



n-Azoxy mixt, 
n-Ester mixt. 

n-Schiff base mixt. 
CB 

p-Schiff base 



R' = NH 2l N0 2l CI, H, CHj, CjH 7 , C 4 H 9 , C 6 H I3 

2.5. CARBOXYLATOCHROMWM COMPLEXES 
O-Cr 

r_ c ; Xj >H 
x 2 

3. NON/ONIC 

3.1. AUPHATICS ESTERS, N1TRJLES, UREA, AMINES OR ALCOHOL 

n-Schiff base mixt, 



R-COO-ChW, 
n =8, 18 R-CHj 
CH^iCOO R 
n = U R = 6 

CH^.-CN 
« = 7 

C*H> + ,-HN-CO-NH 2 

» = 16 

CHi^i-NHi 

/r> 12 

*= 16 

n = 18 



n-Schiff base mixt. 

MBBA 

MBBA 



MBBA 
MBBA 
MBBA 



59 
59 



68 

54 
54 

70 



73 



74 
61 

60 
66 



5 
75 
60 
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TABLE III (continued) 



Surfactants 



Liquid crystal 



Ref. 



C n F 2/m CF=CF(CH 2 ) 2 NH(CH 2 hN(CH, ) 2 
n = 6 

C„H 2n *i— OH (amine catal.) 
n= 12. 14, 16, 18 
CF^rfCHiUOH 
n — 7, m = 3 

3.2. AROMATIC ACID ESTERS 



MBBA/EBBA 

n-Ester eut. mixt. 
MBBA 

MBBA/EBBA 



92 

76 
66 
92 



m = 0, 



H2N-<( ) HCH 2 )™-COOCH J . l 
n = 6 to 16 m = 0, J, 2 



COO-C„H 2fi+1 



/I = 4 to 12 
n = 2 to 18 



X„ = 4 OH 

X n = J, 2. 6 OH 



3.3. PHENOLS. AROMATIC AMINES 

2.6 Di-r-butyl-4-methylphenol 

Hydroquinone 

4-/-butylpyrocatechin 

2-/-butylhydroxyanisole 

Nisopropyl-W-phenyl p. penylenediamine 

Phenyl-£-naphthylamine 

/>-hydroxyphenyl-/?-naphthylamine 

3.4. NONIONIC SURFACTANTS 

Epoxy resins (low molecular weight) 
Polyamid resins (low molecular weight) 
Alkyl phenyl ethers 
Polyoxyethylated glycols 
Fluoro polymers 



4. AMPHOLYTES 



Lecithin 



a Lecithin 



egg Lecithin 
egg Lecithin 



CH 2 -CH~CH 2 0"P0 1 0 (C H 2 ) 2 N + (CH 3 }3 
Ri R 2 



n-Schiff base mixt. 



n-Schiff base mixt. 



MBBA 
MBBA 
MBBA 
MBBA 
MBBA 
MBBA 
MBBA 



MBBA 
MBBA 
MBBA 
MBBA 
MBBA 



MBBA 

E7, E8, TNJ03, TN404, 1132 
PCH, Schiff bases, azoxy, esters 



63 



63 
61 



71 
71 
71 
71 
71 
71 
71 



67 
56 
67 
67 
67 



79-6 
20 

65 



centrations of cetyJ ammonium bromide in a positive ester mixture ROTN 103 
are given in Table IV. 

The use of these agents has, therefore, been proposed for dynamic scatter- 
ing mode displays. 46,59 Alignment of positive LCs is also observed with these 
compounds. AlkyJ vinyl pyridinium halides provide stronger orientation than 
ammonium derivatives, being abJe to align even smectic phases. In fact most 
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TABLE IV 

Alignment and conductivity (cr) of p. ester mixture TN103, with added CTAB 

% CTAB 0 0.01 0.1 0.25 0.5 1 

o 1.8 X 10"'° 2 X 10"'° 10" 9 1.7 X 10~ 9 2.9 X 10~ 9 7.4 X 10" 8 

LC alignment j| |j || • J_ _LL 



compounds of this type, dissolved in LCs, favor homeotropic alignment of the 
LC. Fatty nitrilcs, amines, 60 acids 6,61 and esters 61 align MBBA. The effect of 
nitriles and esters is weak, depends on the substrate, and fails to align bipheny] 
and ester mixtures. Substituted benzoic acid 61,62 , its ester, phenols 15,52,54 and 
octadecyl malonic acid 64 are also effective, but branched isopalmitic acid does 
not align a LC. 65 Derivatives of benzoic acids which possess a liquid crystal 
structure have been thoroughly investigated 61,62 and a critical study 57 has as- 
sessed the more effective dopants. Such compounds, being frequently present 
as impurities or decomposition products in a LC, cause wrong assignment of 
the influence of aligning agents or prevent accurate correlations between LC 
structures and surface treatments. Their effect appears stronger when they arc 
formed in the cell by LC degradation than when added to the LC. Effective 
concentrations of additives to the LC are in the range 0.5% to 2%. At smaller 
concentrations, the alignment presents defects, and higher concentrations 
lower the nematic to isotropic transition temperature significantly. The main 
drawback of this method of alignment is that on filling a cell provided with 
only one fill port, as preferred in industry, the additives absorb strongly in the 
neighborhood of the aperture and the liquid crystal at the end of the cell con- 
tains a lower concentration of additive, producing defects and a conductivity 
gradient across the cell. Attempts have been made to treat the cell walls before 
filling. Most of the surfactants described above for doping LC mixtures arc 
effective, as the dissolved surfactant aligns the LC through absorption on the 
cell walls. 

The orientation of the LC depends on its molecular structure: while most 
LCs are homeotropically aligned by adsorbed lecithin, azoxy derivatives and 
4-methoxypropylcarboxybenzylidene aniline are not aligned. 65 The packing 
density of the adsorbed amphiphilic layer also plays a role. While homeo- 
tropic alignment of MBBA on glasses covered with hexadecyl(=cetyl)tri- 
methyl ammonium bromide (CTAB) occurs at high coverage, 8 lecithin's orient- 
ing power decreases with increasing packing density. 65 Fatty amines 5 and 
alkyl substituted ammonium derivative 66 chains with a carbon content over 10 
promote homeotropic alignment, while shorter chains orient the nematic di- 
rector at an angle from the surface, smaller angles being observed for shorter 
chains. Heating destroys the aligning layer and cells provided with one fill port 
must be treated with a solution of the surfactant in a volatile solvant, rinsed, 
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dried and filled. Although often used in experimental work with lecithin in 
ether, or CTAB in alcohol, this method has not found industrial acceptance. 

These methods give good results on many substrates except plastic coatings 
but long term stability is not obtained as the absorbed layer slowly dissolves in 
the LC. 

Attempts have been made to bind the surface active molecule covalently to 
the surface. Baking octadecyltrimethyl ammonium tetraphenyl boride ab- 
sorbed on cell walls from a solution has been claimed 69 to improve the align- 
ment of the negative Schiffs bases. Reaction of fatty alcohols with silica 
covered electrodes catalyzed by amines 45b seems to depend on the quality of 
the silica layers as we did not obtain reproducible results on silica layers depos- 
ited by CVD or solutions of organosilicon compounds. Tributyltin oxide 71 or 
chloride 72 dissolved in the LC produces homeotropic alignment, probably due 
to reactions with the electrode surface. The best results are obtained with car- 
boxylatochromium complexes 73 or silanes which are substituted with one long 
chain polar group, 77 e.g., 7V-octadecyl-N,N-dimethyl-3-aminopropyItri- 
methoxysilyl chloride. We have checked that the aligning power is strong for 
most positive nematic mixtures and effective on rubbed layers, providing a 
way of realizing both homogeneous and homeotropic domains in the same cell 
by selective treatment of the walls. Nevertheless, these compounds, being 
ionic, increase slightly the LC conductivity even with thoroughly cleaned sur- 
faces. Surfactants may also be included in a polymer layer, where they act as 
plasticizers: long term stability has not yet been evaluated. Long chain polar 
compounds generally induce homeotropic alignment of most practical LC 
mixtures. Few additives, however, promote planar alignment. Dicarboxylic 
acids added to LC mixtures are claimed to impart horizontal orientation. 75 
Also, surfaces treated with A^-methyl-S-aminopropyltrimethoxysilane align 
MBBA and iV^-(cyanobenzylidene)-^-A^-octyIaniline homogeneously after 
rubbing, 77 but we found that the very similar A^thyl-3-aminopropyItri- 
methoxysilane aligns E7 and ROTN 103 homeotropically. Chromium com- 
plexes of dicarboxylic acids align negative LCs homogeneously, whereas 
homeotropic alignment is observed for positive mixtures. 78 Diazapolyoxycy- 
cloalkanes (crown ethers) improve homogeneous alignment on most oxides. 80 
A large increase in LC conductivity, however, is observed when these com- 
pounds are used. 

It is interesting to note that reacting tin oxide layers with long chain alco- 
hols (C rt H 2n+ iOH, n = 1 to 20), triethanolamine, phenols, cyclohexanol, 
phenyl acetic acid or valeric acid under pressure promotes homogeneous 
alignment of LCs as opposed to previous observations. An example is given 
for tin oxide treated either with tf-decanol or cinnamic alcohol on an alkyloxy- 
phenylpyrimidine mixture. 81 
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1.4 Alignment by silane treated surfaces 

Alkoxys and chlorosilanes interact strongly with glass surfaces. The proposed 
mechanisms are either reaction with surface silanol groups, or hydrolysis of 
the silane to a silanol which will further condense into a linear polysiloxane 
layer (Figure 1). Thus silanes are sometimes considered as surface active 
agents and sometimes as polymer forming compounds. As they are of interest 
for LC alignment they justify a special paragraph. 

Surface treatments with silanes have been effected by dipping during 5 s to 1 
hr,, (generally 5 min)in l%-5% solution of the silane in water, toluene, dilute 
acetic in water, DMF or acetone. Water solutions are stable for only a few 
hours (except aminosilanes). After rinsing with the solvent used to dissolve the 
silanes. 72a In the case of quaternary ammonium sylil compounds these 
methods gave poor results with most LCs and dipping in hot (75°C) solu- 
tions 83 improved the efficiency of the treatment. Silanation also occurs if the 
substrate is exposed to silane vapor, for low boiling point compounds, or 
treated in a refiuxed solution of silane in toluene, for others. We have often 
observed that depositing a drop of pure silane on a spinning substrate often 
gave better results than dipping in silane solutions. Hydrolysis of the surface 
before coating is sometimes recommended. An evaluation of silane alignment 
efficiency for the alignment of the positive ester mixture ROTN 103, and the 
biphenyl mixture E7, is presented in Table V together with some published 
results. It can be seen that the effect of the silane layer depends on the mode of 
deposition and the nature of the LC. Among the different silanes which have 
been tried, monodimehtyldichlorosilane shows a strong effect, unlike the sim- 
ilar ethyl substituted derivatives, and methyltrichlorosilane or trimethyl- 
chlorosilane. Stearyltrichlorosilane has been reported to align Schiffs bases 
and biphenyls homeotropically. 87 Those silanes which do not align homeo- 
tropically can only be persuaded to align a wide range of LCs uniformly and 
parallel to the substrate, after rubbing, as has already been noted. It seems that 
most silanes influence the LC alignment by the in situ formation of a polysil- 
oxane surface layer. Deposition of silicones which are formed by bulk poly- 
merization of silanes shows that only methylpolysiloxane (and for some LCs, 
methylphenylsiloxane) aligns LCs homeotropically, while the remainder 
promote a planar alignment, contrary to certain reported observations. 86 In 
fact, silanes may be used in two ways: either to form a polysiloxane layer or to 
bind a long chain to the substrate, as with stearylsilane or dodecylammonium 
compounds. A substrate may alter the film properties and it is advantageous 
to form an initial surface layer by decomposition of an organometallic com- 
pounds. A substrate may alter the film properties and it is advantageous to 
form an initial surface layer by decomposition of an organometallic com- 
pound before silane treatment. Silylated surfaces degrade upon heating and 
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FIGURE J The reaction of silanes with oxides. Silane reaction with superficial hydroxyl 
groups produces either covalently bound alky] chain or linear polysiloxanes. 
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preclude glass frit sealing. Treatment of the assembled cell by the organic 
vapor could be used, but the toxicity of chlorosilanes renders the process 
hazardous. From Ref. 88 it seems that the surface configuration of silane films 
deposited from vapor and solution phases is different. Dissolution of di- 
methyldichlorosilane and phenyltrichlorosilane, in EBBA-MBBA has been 
used to promote homeotropic and homogeneous alignment, respectively, but 
the process is impractical as the conductivity is increased and 7^ decreased. 



1.5 Tilted alignment 

In evaluation studies of alignment effects, classification of LC alignment into 
homeotropic or parallel is an oversimplification, as often, in the literature, 
nonhomcotropic alignment is referred to as parallel (or homogeneous). In 
fact, the nematic director of LC molecules generally makes an angle 0 with the 
substrate surface. This "tilt angle" is required in practical twisted nematic dis- 
plays in order to obtain a rotation of all the LC molecules in the same direction 
on the application of an electric field. The tilt supresses the formation of dif- 
fusing walls between domains with reverse twist. A careful choice of tilt on 
each electrode leads to a better optical appearance. 

In the neighborhood of a particular surface, tilt angles are distributed 
around a mean value. 93 Experimental figures refer to the mean orientation of 
the LC director in the bulk. Literature data show some variations in tilt angle 
values which arise either from the precision of the measurements or from dif- 
ferent experimental conditions. Accuracy of measurement has been dis- 
cussed 94 and some indicative data are collected in Table VI. The tilt angle on 
SiO x evaporated layers shows slight variations with the substrate. Layer 
thicknesses in the range 50-100 A cause variations of <f> from 16° to 22°. 95 
The rate of evaporation, 96 the pressure, 95 boat temperature, and any subse- 
quent thermal treatment 96 also changes <j> by several degrees. The variation of 
<j> with evaporation rate has been used to monitor the tilt angle of different LC 
composition. 97 The nature of the LC material, 93,95 its purity, 93 and— as shown 
in the case of cyanobiphcnyls— - the chain length, 85 also modify tilt values. Wc 
have observed wide variations of the tilt angle values in various cells where 
measurements have been made just after filling and subsequently after a 
period of stabilization: measurements on 1 1 cells have shown that, for ROTN 
200, on obliquely evaporated SiO* (0 : 85°), the tilt angle values vary from 13° 
to 23°; however, after 500 hr, the different cells gave <j> = 17.5° ± 0.5°. 
Despite experimental discrepancies, in general, rubbed layers give low tilt an- 
gles and rubbed polymers produce larger tilt angles (l°-5°) than rubbed inor- 
ganic surfaces (0°-2°), although 0° tilt angle has been measured on rubbed 
polyvinyl alcohol for a wide range of LC mixtures 95 and <f> — l°has been mea- 
sured for an ester mixture aligned by polyamide-imide layers deposited on 





ALIGNMENT OF LIQUID CRYSTALS 


33 






TABLE VI 






Indicative values of nematic director tilt angles on 


some typical aligning layers 


Substrate 


LC 


Angle (°) 


Method 


Reference 


Evaporated: 










SiO, 63° 


7 


3° 


magneto capacit. 


(102) 


SiO x 85° 


5CB 


27 


moving isogyre 


(96) 




6CB 


29 


moving isogyre 


(96) 




6CB 


29.4 ± 0.7 


An 


(HO) 




7CB 


31 


moving isogyre 


(96) 




7CB 


24.1 


magneto capacit. 


(94) 




8CB 


34 


moving isogyre 


(96) 




50CB 


34 








70CB 


37 








90CB 


39 








60CB 


38 








80CB 


41 


moving isogyre 


(96) 


SiO, 85° 


E8 


25-27 (25 


magneto capacit. 


(20) 






after 300h) 






SiOx 82° 


E7 


25.3 


magneto capacit. 


(94) 




MBBA 


23.3-26 


magneto capacit. 


(94) 




TNI 03 


21.8 


magneto capacit. 


(95) 




TN200 


15-22(17 










after910h) 




(20) 




TN200 


22.2 




(95) 




TN403 


22.7 








E7 


25.4 






SiO, 82° 


E7 


25.3 


magneto capacit. 


(95) 


SiO, 85°/60° 


E7, TN200 


25-0 


capacitance 


(104) 


100 A/0 - 30 A 








SiOx 60°/85° 


E7 


0-25 




(103) 


ioo A/0 - io A 










(5CB/60CB) 


0-33 




(HI) 


SiOx 85 - 80° 


*SB 


30-45 


capacitance 


(41) 


84 - 74° 


*SB 


15 - 25 


magneto capacit. 


(94) 


76 - 72° 


7 


3- 9 


magneto capacit. 


(102) 


Rubbed: 










ln 2 0 3 


E3 


0.05 


magneto null. 


(93) 


Glass 


SB 


0.5-5 


capacitance 


(41) 


PVA 


103.200. 


0 


magneto capacit. 


(95) 




403. E7 








ln 2 0 3 


E7 


2.15 ±0.1 


magneto capacit. 


(U2) 


NMAP silane 


E3 


0 


magneto null. 


(93) 


Rhodiakermid 


E3 


0.95 


magneto null. 


(93) 



Si0 2 rubbed with diamond paste. A tilt angle of 2° has been measured for 
pentylcyanobiphenyl on rubbed glass as well as for a biphenyl mixture on 
rubbed SiO* layers evaporated at 60°C indicence. 95 SiCh layers rubbed with 
diamond paste align ester mixtures parallel to the substrate (<£ = 0°). 89 

Evaporation of metals or oxides obliquely to the substrate leads to layers 
which align LCs differently depending on the angle 0of the evaporation beam 
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FIGURE 2 LC nematic director orientation induced by evaporated silicon oxide (or magne- 
sium fluoride). Depending upon the angle of incidence of the evaporation beam different orienta- 
tions are observed. 

with respect to the normal to the surface 44 (Figure 2). If 0 < 45°, parallel but 
nonuniform alignment is observed, but when 45° < 6 < 75° LC molecules 
align in a direction perpendicular to the incident beam with a tilt angle very 
close to zero. Tangential evaporation at 6 > 15° results in the nematic director 
being oriented towards the source at an angle of approximately 15°, increasing 
to 25° as 6 increases from 75° to 88°. 48, 102 When 6 is 72°-75° the LC molecules 
lie parallel to the substrate plane, with the director axis perpendicular to the 
plane of incidence of the evaporation beam, at a low tilt angle (3°-9°). 102 These 
values have been widely confirmed by numerous authors and repeatedly ob- 
tained in industrial practice for all of the practical LC mixtures, 

Tangentially evaporated MgF 2 gives similar results but with smaller tilt an- 
gles than SiOx for the same angle of evaporation. I5b Oblique evaporation of 
CaF 2 is reported 12 to produce homeotropic alignment (0 = 90°) when 
6 < 45°, <{> = 75° for 45 < 6 < 70° and $ = 60° for tangentially evaporated 
layers (0 > 75°). Surfactants, some silanes and polymers produce homeo- 
tropic alignment. Rubbing and tangential evaporation of oxides give low tilt 
angles while oblique evaporation induces a 25° tilt angle. When other tilt an- 
gles are desired, any combination of high and low-tilt-angle-producing 
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methods can be employed. The tilt angle of a tangentially evaporated layer 
may be lowered by rubbing 98 or by crossed evaporation of two layers of differ- 
ent thickness at the same angle of incidence 6." Deposition of a very thin (less 
than 5 A) layer of SiO,, evaporated at an angle of 6° from the substrate 
(0 = 84°), on to a layer deposited at 60° incidence, after 90° rotation of the 
plate, gives a tilt angle of 0° to 6°. 102 By employing the reverse order 104 i.e., an 
initial evaporation of a 50 A SiO* layer at an incidence angle of 5°, followed by 
a rotation of 90°, and 100 A evaporation of SiO* at 80°, low tilt angles (5°) are 
obtained with the LCs E7 or ROTN 200. Variation of the layer's thickness 
allows tilt angles to be controlled from 0° to 30°. Variation of 0 from 0 to 45° 
for E3 has been obtained by simultaneous evaporation of SiO from two 
sources. 105 Electron gun deposition of an initial layer, 350 A thick, at 6° inci- 
dence, followed by a 20-50 A thick layer deposited at 30° without rotation of 
the substrate, gives a 6° tilt angle. 102 Variations of 0 from 1 1° to 3° can be pro- 
duced by monitoring the thickness of the second layer. SAIBE Si0 2 covered 
with long chain alcohol allows tilt angles to be varied from 75° to 90° depend- 
ing on the surfactant chain length, 45b while plasma deposition of an 8 A Teflon 
layer on to 70° evaporated SiO* gives a tilt angle of 15°. 106 

A SiO* layer evaporated at a low angle, which would normally result in a tilt 
angle of 25°, when treated with a homeotropic aligning layer of lecithin, orient 
the LC at the complementary angle of 0 = 65° (Figure 3), as has been ob- 
served when this layer is treated with octadecylammonium bromide, 44 or de- 
posited on glass cleaned with sulfochromic acid. 108 Evaporation of two dis- 
similar materials, such as gold and indium oxide, on adjacent sides of the 
grooves of a wavy surface gives a LC alignment slightly tilted from the normal 
for LC mixtures containing a homeotropically aligning surfactant. 107 

Orientation of thin LC layers may be obtained with the nematic director 
oriented in any direction from 0 = 0 to 25°-35° and 60° to 90° by a suitable 
aligning layer (Diagram 1). 





FIGURE 3 Where an inorganic surface produces an average orientation of the LC molecules at 
an angle <j>, treatment by an homeotropic aligning surfactant leads to an orientation at the com- 
plementary angle. 
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DIAGRAM 1 Tilt angle of the LC nematic director produced by different surface treatment. 
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II ALIGNMENT MECHANISMS OF NEMATIC LIQUID CRYSTALS 
AND THEIR MIXTURES 

Evaluating the various alignment methods reviewed in § I aided greatly in clar- 
ifying some general guidelines for LC-surface interactions. 

The difficulties encountered, while attempting to obtain meaningful exper- 
imental data, due to ill-defined substrates, LC decomposition, and surface 
chemistry misconception have hindered progress in the understanding of the 
subject. LC molecules are composed of an aromatic core, an alkyl chain and a 
polar group, thus giving rise to complex dispersive polar and hydrophobic 
interactions. 

11.1 Physlcochemical interactions 

II. 1.1 The Friedel-Creagh-Kmetz rule 

An old, but neglected study of the alignment of LCs (mainly azoxy com- 
pounds) on freshly cleaved crystals 23 suggested that the orientation of the LC 
molecules was determined by their physiocochemical interactions: of 80 stud- 
ies of LC alignment on crystal surfaces, 77 showed parallel orientation. If, 
however, a hole was drilled in the solid substrate, homeotropic alignment 
ensued in the suspended film. This led to the conclusion that LC films aligned 
parallel to a solid substrate if any interaction occurred and homeotropically in 
the absence of interactions. 10 

Solid-liquid surface interactions are phenomenologically described by the 
surface tensions of the solid substrate, 7s and of the liquid 71,. 7l is a macro- 
scopic description of thestrenght of the LC-LC interaction while 7s describes 
the solid surface excess energy. 

Thus, the above observations may be stated as 6 



7s < 7lc > homeotropic alignment 

7s > 7lc » parallel alignment 



This empirical rule has been widely supported by experimental data, although 
not all results are in agreement. We will call it the "Friedel-Creagh-Kmetz" 
(FCK) rule. 

II. 1.2 Surface tension 

II. 1.2. 1 Liquid crystal surface tension 

In order to have thermodynamic significance, the LC surface tension, 7lv, 
should be measured with the LC in equilibrium with its vapor. Most of the 
available data are relevant to an air-LC interface, 71A. Although the precision 
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of the different methods used to measure the LC surface tension should be 10" 
J m~ 2 , comparison of the published values, (Table VII), shows a dispersion, 
that may amount to 30% with the same method. This is probably due to non- 
equilibrium conditions and/or atmospheric contamination of the LC (for the 
influence of different methods see § II. 1.10). 

The surface tension of MBBA has been found impossible to measure pre- 
cisely, 1 13 as the LC interface drifts continuously. LC surface tensions are of the 
order of 25-40 erg/cm 2 , 

II. 1.2.2 Anisotropy of the surface tension of a LC 

The existence of a liquid crystalline state implies an anisotropic intermolecu- 
lar potential. As surface tension results from the excess energy of the mole- 
cules at the surface, it would be expected to vary according to whether the LC 
molecules were oriented parallel or perpendicular to the surface. 

Calculations of the surface tension anisotropy, taking into account only van 
der Waals interactions 1 18,1 19 leads to yn < yi. This calculation is applicable to 
LCs of negative Ae as their long axis dipole moment (>un ) is weak and the off 
axis dipole moment (jm) averages out. As a result the LC molecules lie flat at 
the LC-air interface (e.g., PAA, Ref. 115). 

MBBA has /*« = 0.4 D and is slightly tilted 114 at the free surface, which 
could be due to the angle between the molecular axis and the diple moment. 
For LCs of strong positive Ae, experimental observations show that the LCs 
align normal to the free surface 120 ; thus y\\ < yi, which contradicts the theo- 
retical evaluation of dipole interactions in LCs. 119 The calculated value of 
7n - y± is 7 X 10" 3 J m" 2 for PAA (Ref. 116) while y„ - y x of the order of 
5 X 10~ 6 J m" 2 (Ref. 75, 120) is obtained from experimental observations (see 
Table VII). The Kirk wood-Buff approximation leads to y» — y± = yo (S/9) 
[10 — 7S/6] (Ref. 119)t with the previously mentioned limitations. 

It has been suggested 5 that a situation could exist where the solid substrate 
surface tension, ys» has an intermediate value y H < ys < yi, leading to a 
tilted orientation of the nematic director. Experimental values are much too 
small to explain the observed tilted alignment of MBBA on glasses onto which 
fatty derivatives of medium chain lenght (Ce-Cjo) have been adsorbed 
(7s~ 26 X 10" 3 J m" 2 ). Such an effect would require Ay > 8 X 10" 3 Jm" 2 as 
calculated from theory. Further work seems to be required to ascertain the 
real order of magnitude and its relation to various LC classes. 

II. 1.2.3 The surface tension of solids 

The surface tension of a solid cannot be measured directly. Calculation of the 
excess surface energy from the energy of the broken bonds necessary to create 



t Reference 113 suggests that after correction of errors in the evaluation of the integral, 
yi - yx = -yo (S/3K5- 19/325). 
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a surface, give values of 0.5 to 5 J rrf 2121 ; these values refer to the solid- 
vacuum interface, -ys. 

As soon as the solid surface is brought into contact with air, atmospheric 
constituants strongly adsorb onto the surface, lowering the surface tension 
from the uncontaminated value of the "surface pressure" 7r 0 . 

The solid-air interface has thus a surface energy, 

ysA ** ys — 7T 0 , 

where ttq is approximately 0.1 J irf 2 . 128 

Due to the fact that the solid surface chemical state is poorly defined, it has 
been suggested that oxide surfaces should be considered as covered by a thin 
layer of water, with ?sa = 7 X 10" 2 J m" 2 . 117 

Cleaning procedures, as well as further thermal treatment, will modify the 
properties of a solid surface. In the case of silica layers, heating will desorb the 
physically absorbed water at around 1 50°C and following this will be conden- 
sation of surface hydroxy groups between 170°C and 400°C, to form oxygen 
bridges. Above 400°C, the oxygen bonding becomes irreversible, and above 
750°C, the silica surface become irreversibly hydrophobic. 122 Irreversibly ab- 
sorbed water causes Ti0 2 surfaces to become hydrophobic. 123 

In general, hydrophobic oxide surfaces consist of areas incapable of specific 
molecular interactions. 123 Complete removal of the specific interactions on 
inorganic substrates supposes thermal treatment at very high temperatures, 
which are not suitable for glass cells. 

Tin oxide thin films, formed by CVD are hydrophobic; acid cleaning ren- 
ders them hydrophilic. 20 

Even in the case of a uniform solid surface, its surface energy is difficult to 
predict. The same oxide may show different surface energies, depending on 
preparation conditions, subsequent thermal treatment, (which is unavoidable 
during display sealing) and cleaning procedures. For inorganic solid surfaces, 
however, ysA is greater than 4 X 10" 2 J m~ 2 . 

To reliably establish the validity of the FCK rule it would be necessary to 
measure the surface tension of the solid in equilibrium with the LC vapor 
(y sv°)> at the saturated vapor pressure. In this case no would be the pressure of 
the absorbed LCfilm. It is often claimed that LC alignment is not understood; 
the situation is not worse than that of surface chemistry. 

II. 1.3 Solid-liquid crystal contact angle 
II. 1.3.1 The contact angle 

When a liquid is deposited on a surface it often happens that it remains as a 
drop. The angle Osl between the edge of the drop and the surface is related to 
7lv, 7sv° and the interfacial energy, ysL, by the expression 

ysv cos 0sl = ysv° — ysL- (3.1) 
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At equilibrium it should not matter whether the drop is deposited on the sur- 
face (advancing angle) or whether it is formed by pulling out a film of the liq- 
uid (receding angle). 124 On a LC drop, in practice, variations in 0sl as great as 
50° may be observed, and experimentalists generally choose the advancing 
angle. When studying hydrophobicity, the receeding angle is a better charac- 
terization of the surface. 

The existence of hysteresis has been attributed to contamination of either 
the liquid or the solid, rough surfaces or absorbed surface film immobility. 121 

II. 1.3.2 The contact of a liquid crystal with a solid 

Whatever the method used to measure the contact angle of a LC drop on a 
solid, observations are hampered by the continuous drift of 0sl. On the one 
hand the absorbed atmospheric constituants have to exchange with the LC 
molecules; on the other hand the elastic energy of the misaligned layer is weak 
and the evolution of surface attached disclinations is slow. Four days have 
been selected as the time necessary for a LC to attain equilibrium with an 
adjacent surface when making accurate measurements. 113 Liquid crystal hy- 
drolysis and/or oxidation under the influence of both UV light and oxygen 450 
complicate experimental studies. Frequently the edges of LC drops are ob- 
served to be homeotropically aligned after 10 days, due to the formation of 
polar decomposition products. 

On substrates which induce parallel LC alignment, the viscous flow of the 
LC tends to determine the direction of alignment, but many defects are 
formed and they evolve constantly, resulting in constant movement of the LC 
drop. It seems that reliable values can only be obtained with carefully con- 
trolled experimental conditions which has rarely been the case in the pub- 
lished studies. 

II. 1.4 The critical surface tension of a solid 

A useful empirical parameter has been proposed to characterize a solid sur- 
face. It has been observed that the contact angle 0sl of homologous alkanes 
varies linearly with the liquid surface energy. Extropolation to cos 0sl = 1 led 
to a critical value 7c which was characteristic of the solid employed. 128 
From Eq. (3.1) 

7lv cos 6 = 7sv° — 7sl 

and, therefore, 

7c — 7sv* " 7SL. 

The introduction of a critical surface tension is only valid inasmuch as the 
values 7SLand 7r 0 (7sv° = 7s° — rro) of different liquids are constant. If this is 
the case for polymers and nonpolar liquids, the use of polar liquids to measure 
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yc may cause large variations of the extrapolated value. Therefore, 7c values 
for polar oxide surfaces relate to the nature of the surface and the choice of the 
solvents. The following observations indicate that in these cases 7c is not a 
useful parameter for the characterization of LC-oxide interactions. 

• The critical surface tension of fused silica is 7c = 78 X 10" 3 J m 2 . 123 

• On SiO* tangentially evaporated films, 7c has been measured to be ap- 
prox. 38 X 10" 3 J irf 2 after correcting for surface roughness 126 with an ani- 
sotropy which depends on whether the edge of the drop is parallel or perpen- 
dicular to the evaporation direction. 

• Normal evaporation is reported to produce films of 7c = 48.7 X 10~ 3 J 
m~ 2 while obliquely evaporated layers show 48.7 X 1(T 3 J irf 2 < 7c < 55.9 X 
1CT 3 J m" 2 for evaporation angles between 0° and 60°. 127 

• On SAIBE etched Si0 2 surfaces, values of 7c as low as 24 X 1(T 3 J nT 2 
have been measured 458 which is nearly the critical surface tension of water 
[7c(H 2 0) = 22 X 10" 3 J m" 2 ]. 45c 

• Atmospheric humidity causes the critical surface tension of glass to vary 
from between 7c = 75 X 10~ 3 J m" 2 for dry glass, to 7c = 30 X 10" 3 J rrf 2 at 
100% humidity. 

• Although water has a 7c value of 22 X 10~ 3 J m~ 2 ,LCs(7c = 3 X 10~ 2 J 
trf 2 ) do in fact align parallel on water. 120 

As developed in the following paragraph 7c is equal to the solid surface ten- 
sion 7sv° when the ratios or polar and dispersive interactions of both phases 
are equal. For this reason the critical surface tension of polymers may be em- 
ployed to give a qualitative description of polymer-LC interactions. Meas- 
urements made on plasma polymerized films 34,37 showed acceptable agree- 
ment with theory, although some unexpected results were observed, i.e., 
tolans (7LC ~ 22 X 10~ 3 J m" 2 ) were not aligned homeotropically by a sput- 
tered Teflon layer (7c ~ 18 X 10" 3 J m" 2 ). 34 

Adsorbed surfactants reduce the solid surface tension. Fatty acids or their 
derivatives (alcohols and amines) exhibit a continuous range of 7c values with 
alkyl chain length 5 ' 75 but reported relations to LC alignment are somewhat 
conflicting (Figure 4). The same discrepancies are observed with alkyl tri- 
methyl ammonium bromide derivatives. 75 The influence of the surface cover- 
age (or packing density) is of the utmost importance 8 and consideration of 7c 
is generally misleading (see paragraph 18). 

The FCK rule has generally been quoted 1,6 using 7c in place of 7s, i.e., 



7c < 7lc — 


--xhomeotropic 


yc > 7lc — 


— -^parallel alignment 




6 8 10 12 14 16 18 20~~ 

FIGURE 4 Variation of the surface tension of surfactant treated glass surfaces with increasing 
carbon content of the surfactant alkyl chain. [• from Ref. 75a } X Ref. 5a -f Ref. 56]. 



and it is, therefore, not surprising that it encountered strong criticism. Com- 
pared to the expression of § II. 1.1, where ys = ys — tto, it is evident that the 
above inequality employs values that are relevant to nonpolar solvents, to de- 
scribe the behavior of LCs which have to be highly polar for practical 
application. 

II. 1.5 The polar and dispersive components of surface tension 
Surface interactions are long range forces; either dispersive (van der Waals) 
forces, dipole-dipoJe interactions or double layer interactions, 121 These con- 
tributions are considered additive and the surface tension y t (i = s or 1) may 
be written as the sum of the dispersive yf and polar yf contributions, 

yi = yf + yf. 

Let ^,-and pt be the ratios of dispersive and polar contributions to the surface 
tension: d t = yf/yt, p, = yf/7/. It is shown that the critical surface tension yc 
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is yc = <t>ysv° where </> = \fduf s + \Jplps. When d\ = d Sl which implies 
PL ~ ps, (f> — 1 and yc = ysv*. 

Thus the empirical method of estimating 7c may result in a value that agrees 
well with ys rather than the solid surface tension ysv 0 - 129 Recent work on 
plasma copolymerized films with different y'and y p values 37 shows the rela- 
tion of these considerations to nematic LC alignment. 



II. 1.5.1 Polar interactions of LCs and surfaces 

The interactions between the dipoles of LC molecules and the charged sur- 
faces of oxides or ionic surfactants are certainly very important in the forma- 
tion of the first surface layers, although theoretical understanding of the prob- 
lem and the experimental data are poor. The effect of surface polarization has 
been demonstrated in the case of MBBA, 130 for which it was suggested that the 
MBBA molecules orient with their dipoles towards acid treated glass, but with 
their butyl chain towards surface cetylammonium bromide monolayers on 
glass. 

In addition, the surface dipoles of sputter etched indium oxide have in some 
(but unreproducible) cases been observed 131 to align LCs of negative dielectric 
anisotropy parallel to the substrate, but positive LCs perpendicular to it. The 
same behavior is observed with surfaces treated with dicarboxylate 78b chro- 
mium complexes, suggesting that only part of the acid group is absorbed onto 
the substrate. The polar interaction of MBBA with a humid glass substrate, t 
where Es = 4.35 X 10 9 V/m, have been shown 132 to be accounted for through 
the surface electric field, Es (Table VIII) as the polar part of adhesion 
energy. is related to the LCs molecular dipole through 

W*p = d^Es (5 effective dipole density) 
(/i effective dipole moment). 

In view of this the existence of a double layer (§ II. 1.6) should be considered. 
II. 1.5.2 Dispersive interactions of LCs and polymers 

As already mentioned, nonpolar surfaces offer an important simplification in 
the theoretical description of liquid-solid interactions as the polar term be- 
comes negligible regardless of the character of the liquid molecules. Most or- 
ganic compounds as well as Liquid Crystals and polymers have d> p. 
Denoting yf as the dispersive component of the surface tension, the 



|This work has been extended to 5CB by these authors in Ref. 133 but the observation of 
homeotropic alignment of 5CB on glass cast some doubts on their conclusions. 
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TABLE VIH 



Electrostatic field strength Es and dispersion energies 7^ for some inorganic substrates (from 

Ref. 132) 



Substrate 


a 


-^(KT'Jrrf 2 ) 


Rutile 


8.1 X 10 4 


145 


Rutile (bare) 


6. X 10 4 


125 


Al 2 0 3 -Si0 2 coated 


9.6 X 10 4 


135 


CaF 2 


7.5 X IO 4 


105 


Si0 2 


3.3 X 10 4 


75 


AI 2 O 3 (40 Aon Al) 


5.7 X 10 4 


335 


Carbon black 


2.1 X 10 4 


105 


Teflon 


0 


25 



a Calculated from the heat of adsorption E u (J rrf 2 ) of the powders in solvents of different dipole 
moment \i. E» - E 9ll . E B in V rrf 1 per cm 2 of surface. 



Girifalco, Good, Fowkes, Young equation (GGFY) permits the calculation of 
the interfacial energy ysL.' 

>sl — ys + JL — 2\Jytyi 

For LCs, yi is of the order of 10" 2 J m" 2 . 96 ' 99 Polyethylene has y s = yl = 3 X 
10" 2 J m" 2 thus ysh 27 X 10" 3 J m" 2 . 



In general the alignment of LCs on polymers is well described by the FCK 
rule. 34 ' 37 



II. 1.6 The "smecticlike" interfacial layer 

The interfacial layer between a solid and a liquid gives rise to a charge separa- 
tion, which can be well described in terms of a double layer (DL) which con- 
sists of a compact ordered monolayer firmly bound to the substrate, followed 
by a layer of diffuse charges. This DL has not been studied in LCs where the 
electric charge density is not known, but its existence has been theoretically 134 
predicted and is supported by electrical measurements. 135,136 It could be rele- 
vant to the higher order parameter of the interface between nematic LCs and 
solids or gases. 

Practical LCs being ionically very pure the compact layer will be the main 
component. 

Many experimental observations imply that the surface layer has a higher 
order than the bulk. Microscopic observation of nematic layers squeezed be- 
tween glass slides suggested that there is a thin interfacial layer firmly bound 
to the glass substrate, 10 which determines the orientation of the adjacent layer. 
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Infrared spectroscopy indicates that the excess order depends upon the nature 
of the substrate (glass, ln 2 0 3 , polysiloxanc). 137b Additional evidence for the 
existence of a DL comes from observations of a film of the LC 5CB, less than 
250 A thick pulled apart in air. Such a layer has the appearance of a smectic 
layer with an order parameter, S<t>, 1.005 times that of the bulk value S ( . m 
Also, whereas the surface tension of a normal liquid decreases when the 
temperature increases, the reverse has frequently been observed with nematic 
LCs. ,13 t This effect could be explained by a higher surface order parameter 
S*: ycL is the surface tension of the isotropic LC, then the surface tension 
y°(S) of the oriented layer is 

y°(S*) = y°cL ~ aS c with a - 2 X 10"' J irf 2 . 

Optical measurements clearly show the higher birefringence of the interfacial 
layer, e.g., = 0.5, and S c = 0.4 (Ref. 137) for the LC 7CB. Theoretical in- 
vestigations of surface alignment have to take into account this more ordered 
surface layer. 111 The structure of this first compact layer, which also deter- 
mines the surface pressure of the adsorbed LC vapor, influences the orienta- 
tion of the nematic crystal layers throughout the bulk of the LC, as does a 
layer of smectic liquid crystal deposited on a substrate. 90 

The dispersive interactions of LCs with solid surfaces are strong. For metals 
and oxides y^is about 0.1 J m~ 2 and around 3 X 10~ 2 J m" 2 for polymers. The 
dispersive component of LC surface tension has been found predominant over 
polar interactions yt ~ 3 X 10~ 2 J m~ 2 ; the interfacial energy is for most LCs 
essentially dispersive leading to the parallel alignment of the alkyl-aromatic 
part of the LC molecules. 124 The polar contribution of the solid-liquid interac- 
tions will favor the parallel alignment of negative Ae LCs while it will lower the 
anchorage of positive Ae LCs. 133 Experimentally it is observed that cyanobi- 
phenyls are more easily oriented homeotropically than negative esters. Sili- 
cone layers, for example, orient high positive Ae LCs homeotropically but not 
phenyl cyclohexanes. 

During the initial contact between the LC and the surface, the smecticlike 
layer forms. Defects spreading out through the LC film are initiated by some 
surface irregularities. Often they evolve in time as adsorbed atmospheric 
components exchange with LC molecules. 

The energy confined in the smecticlike layer is higher than can be added to 
the LC film by mechanical, electrical, or thermal action. Once it is formed, the 
substrate enclosing the LC film may be twisted without changing the interfa- 



J We have not reviewed the influence of temperature on LC surface tension and alignment as 
our own work on the subject is insufficient on the one hand and published results too contradic- 
tory on the other hand. Some indications may be found in Refs. 3 and 111. 
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cial layer. 54 Also its orientation at the free surface is not changed by applying a 
magnetic field. 138 Consequently, the physical properties of LCs are weakly af- 
fected by the very first layer (see also § II. 3). 

II. 1.7 Nonuniform coverage 

When an aligning layer is deposited nonuniformly on a substrate, both the 
exposed substrate and the aligning layer will influence the LC alignment. If the 
substrate and the alignment layer tend to induce different orientations of the 
LC molecules, tilted alignment will be observed. The theoretical computation 
of the equilibrium director orientation shows that different tilt angles will be 
observed, depending on relative values of the LC elastic constants, 139 This 
situation is likely to occur in the case of absorbed surfactants at low 
coverage 140 or when hydrolyzed chloro or amino silanes form polymeric 
nodules on the surface, 141 or when very thin polymeric 91 or evaporated films 
are deposited on the substrates. 132 In these cases one is dealing with a parallel- 
orienting substrate presenting patches of homeotropic-aligning layers. 

Alternating stripes of surface materials, one giving a homeotropic and the 
other giving parallel alignment produce a bulk average tilt angle of 45°. 139 
When the bend constant, ^33, is larger than the splay constant, AT 2 2, theoretical 
calculations indicate that the angles will be less than 45°, while it will be 
greater in the inverse case. 

II. 1.8 Alignment by surfactant 

Almost every known class of surface active agent has been observed to influ- 
ence LC alignment (see § 3, Part I). 

In most cases LCs are aligned homeotropically by long chain surfactants 
adsorbed on inorganic substrates. Because they lower surface tension, it has 
often been thought that the FCK rule should apply and explain the observed 
alignment. 

Superficial films of adsorbed molecules are known to exist in four states 121 : 
the G (gaseous) state corresponds to a weak coverage. Higher coverages lead 
to an L (liquid) state either expanded (L 1 ) with an average surface of 50 A 2 
(40-70 A 2 ) covered by each adsorbed molecule as for long chain polar com- 
pounds or a condensed (L2 ) state where the surface covered by each adsorbed 
molecule is about 22 A 2 (cetyl alcohol). 

Dense layers create S (solid) films with an area of 20.5 A 2 . Some surfactants 
produce both the Li and L2 state with an intermediate (I) phase. The proper- 
ties of superficial films of phospholipids (e.g., lecithin) have been explained as 
due to their liquid crystalline organization (Figure 7). 

In order to obtain monolayers of known structure, a Langmuir balance is 
generally used, 124 but the technique is tedious and difficult to apply in industry. 
The normal practice, therefore, is to adsorb layers from solution and relate 
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their structure to that of the Langmuir monolayer. The retraction method has 
been shown to form good monolayers 142 although they present slight differen- 
ces in their properties compared to the former, 143 probably because of the in- 
corporation of solvant into the layer. 

The investigation of thestructure of layers adsorbed from solutions is still in 
progress 144 and their are few cases where it is complete. In Figure 4 we have 
gathered experimental values of the critical surface tension of glass covered 
with adsorbed layers of fatty derivatives of increasing chain length. If the re- 
sults are assumed to indicate the influence of the carbon content of the chain 
on the substrate interfacial energy, the relation of LC alignment is not so clear, 
as in every case MBBA is aligned parallel to the substrate in the upper portion 
of the curves and homeotropically in the lower one. "On the completion of the 
adsorbed monolayer on the surface of a solid, the orientation of hydrocarbon 
molecules is parallel to the substrate as shown in Figure 5, whereas polar- 
nonpolar molecules on a polar solid stand upright as shown in 5b. However, if 
plenty of area is available, as in a dilute film, the polar-nonpolar molecules 
also lie down. As the film thickens and becomes multimolecular, the orienta- 
tion in the first layer of polar-nonpolar molecules preserves the perpendicular 
type of orientation. If the vapor becomes saturated and the liquid of the film 
wets the solid, the film is relatively thick (about seven molecules thick for 
water at 25°C) and the molecules in the surface of the film have approximately 
the same orientation as in the surface of the liquid itself 11 . 124 

In addition, the packing density of fatty acids depends on- their chain 
length, 142 ' 145 This could be an explanation for the tilted alignment of MBBA 
on surfaces covered by retracted layers of Ci 0 -C 6 fatty derivatives. 



VAPOR 




(a) 



VAPOR OR HQUIO 




FIGURE 5 Orientation of molecules in complete monolayers, (a) Hydrocarbon molecules, 
(b) Polar molecules on the surface of a polar substrate. (From Ref. 124). 
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Liquid crystal alignment may be understood from the surfactant's adsorp- 
tion isotherms. Cetyl ammonium bromide (CTAB) solutions in water adsorb 
parallel to the substrate at low concentration while at higher concentration the 
surfactant molecules orient perpendicular to the substrate. 8 MBBA deposited 
on these layers takes the surfactant orientation (Figure 6). 

Phospholipids (e.g., lecithin) monolayers have different structures (Figure 
7) depending on their surface pressure, retraction on glass substrate keeps the 
layer structure. 147 On tightly packed layers, cyanobiphenyls show a tilted 
orientation whereas on layers of lower packing density homeqtropic orienta- 
tion is observed. Experimental evidence leads to the conclusion that LC mole- 
cules are imbricated in the surfactant layer. 148 

The efficiency of a surfactant to align LCs also depends on its molecular 
structure: cyanobiphenyls are much more easily aligned homeotropically than 
phenylcyclohexanes. 

As silanes may form covalent bonds with oxide substrates one would expect 
more permanent effects to result from the adsorption of long chain silane 
derivatives. 

Very little is known about the structure of silane monolayers. Polymeric 
nodules very often form on the surface 141 but can be avoided by anhydrous 
conditions. 149 

Octadecyltrichlorosilane (OTS) adsorbed from nonaqueous solutions 
forms dense monolayers. 144 Carbon-14 counting shows a surface density of 
1.5 X 10 N mole/cm 2 , as compared to 5 X 10 14 for l4 C arachidic acid, which 
corresponds to close packing of Si-0 bonds associated in three dimensions. 150 
All our test LCs aligned homeotropically on oxide substrates covered with 
OTS. 3-(2-Aminoethyl)aminopropyI TMS, used to facilitate homogeneous 
alignment (Table V), is also known to be densely adsorbed on tin oxide from a 
5% solution in toluene. 149 



FIGURE 6 Variation of the superficial density (Ssv) of adsorbed cetyl trimethyl ammonium 
bromide (CTAB) with its concentration in solution. (From Ref. 157). 
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FIGURE 7 Schematic representation of phospholipid (e.g., lecithin) monolayers. (From Ref. 
146). 
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II. 1 .9 Surface hydrolysis 

Liquid esters have surface tensions of 28-30 X 10~ 3 J rcf 2 and should spread 
on high energy surfaces such as metals and oxides. Whereas they do spread on 
metals they do not always do so on glasses or oxides. This ^reproducibility has 
been related to the ester hydrolysis catalyzed by adsorbed water, 142 the ester 
being unable to spread on an adsorbed layer of its own hydrolysis products. 

The same is believed to be true of the occasionally observed homeotropic 
alignment of LC esters of Schiff bases (SB) on glasses and some oxides (AI2O3, 
ln 2 0 3 ). This effect is normally only observed if the surfaces have previously 
been washed in acid. This alignment disappears when the substrate is fired and 
is not observed with pure LCs of other molecular structure. On dry substrates, 
LC esters, as opposed to liquid esters, 142 are flat on the surface due to the car- 
boxylic group interacting strongly with the oxide. 151 

SBs are completely hydrolyzed during HPLC on silica columns 20 and are 
known to be very sensitive to moisture. 152 Hydrolysis of ester or SB LCs pro- 
duce alkylbenzoic acid or alkylamine, respectively, both of which are known 
to induce homeotropic alignment. Surface hydrolysis leads to local concentra- 
tions higher than could be adsorbed from solutions; 1% concentrations of 
these substances in the LC are required to induce the same alignment. An indi- 
cation that surface hydrolysis has occurred is the formation of defects that re- 
main stuck to the substrate even after a heating cycle or the emptying and refill- 
ing of a cell. A related impurity induced homeotropic aligning effect is 
observed when LC layers are either left in air or submitted to light irradiation. 
Photooxidation of the LC forms oxyderivatives 45c that induce homeotropic 
alignment. In the case of unsealed cells the perpendicular orientation proceeds 
from the outer edge. 

ILL 10 Measurement of LC surface tension 

This section is not devoted to a discussion of experimental surface tension 
measurements that would be found, for instance, in Ref. 121, but to the impli- 
cations of the choice of one method. Capillary, du Nouy, Wilhemy methods 
imply the contact of LCs with surfaces. 

From the preceding considerations of the LC-solid interaction one can un- 
derstand the difficulties, generally underestimated, of obtaining reliable 
values; after long and careful studies it has been concluded that surface ten- 
sion of MBBA is "impossible to measure". 113 

As LCs lie generally parallel to solid surfaces the above quoted method 
should give a value near that of 711. 

Only in the hanging drop method are the solid-LC interactions minimized 
and the 7lv values should be obtained. 116 As LCs often orient perpendicular 
to the free surface the value of y± would be obtainable with a precision of 
about 5%. In fact, even in this method the solid-liquid interactions are 
predominant. 20 
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The wide range of literature values may correspond to different aligning 
conditions and indicate an anisotropy Ay of about 10 erg, in agreement with 
theoretical considerations. 119 

II. 1.11 Summary of Section II 1 

As the solid surface tension, y s> is not measurable, one has sought to use, in- 
stead, the experimental y c value, which gives a rough expectation of the direc- 
tion of LC alignment. This can only be exact when the ratio of the polar and 
dispersive components of both the solid and the LC are equal. 

A quantitative description of a LCs alignment requires knowledge of the 
polar and dispersive parts of surface tension as polar interactions depend on a 
LCs dielectric anisotropy and may be predominant. 

Determination of a LCs surface tension is, currently, not accurate enough 
to allow a precise comparison of substrate and LC surface tension. The major- 
ity of recent work suggests the validity of the FCK rule; much more work has 
to be done to get reliable values of a LCs surface tension. As long as experi- 
mental values of 7mbba continue to be found between 38 and 28 erg/cm 2 , or 
75cb betwen 30 and 40, critical evaluation of the FCK rule, which requires a 
knowledge of y to better than 1 erg/cm 2 , is meaningless. 

In our opinion there are no sound experimental data that invalidate this 
rule. Discrepancies indicate experimental error and we will suggest its use as a 
fair estimate of the expected alignment of a LC. 



11,2 Elastic orientation on grooved surfaces 

II. 2.1 Geometrical factors 

On high energy substrates (7sv° > 4 X 10" 2 J m~ 2 ), LCs align parallel to the 
substrate. Sometimes, the flow of a LC drop will produce a nearly uniform 
alignment, albeit with many defects. This orientation occurs most easily when 
the LC is in its isotropic state. Very slow cooling 5 favors uniformity and good 
alignment is obtained on cooling in a magnetic field. 54 

These methods are impractical and uniformity is more easily obtained on 
grooved surfaces. Grooves are produced by rubbing (glass plates), unidirec- 
tional polishing, tangential evaporation, tangential ion-beam etching of 
oxides, or the formation of a grating on the substrate. 47 ' 54 

Once the first interfacial layer is formed, the LC layer aligns through the 
nematic interactions at the shear plane; the LCs anchorage is fairly weak and 
defines a slippery surface, (see § II. 3. 1 .) In these conditions, theoretical calcu- 
lations of the elastic energy added to the LC bulk by a periodic surface defor- 
mation show 43 that the LC layer has an energy which is greater when the LC 
director is perpendicular to the groove direction d (but parallel to the sub- 
strate) than when the director lies in the direction of the groove. 
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FIGURE 8 The sinusoidal model of a grooved surface. The LC molecules have higher elastic 
energy in the orientation perpendicular to the plane than parallel to it. 

If the surface profile (Figure 8) is defined by the depths, of the grooves and 
their spacing k = lir/q 

Z = A s'mqx U = — A 2 
4 

where A^is the LC elastic constant. Table IX summarizes the profiles obtained 
by different grooving techniques and the related increases in energy for align- 
ment parallel to the grooves, Photolithographically formed gratings allow the 
characterization of the periodic profile that influences the alignment. For 
250 A deep grooves uniform alignment of MBBA is obtained for 

A < 3. V 

In general the ratio A/X is smaller than 1. 

TABLE IX 



Estimated values of depth and spatial distribution of grooves on various substrates in the 

sinusoidal approximation 



Surf, preparation 


Depth A (A) 


Spacing (A) 


Energy" U 
J m" 2 


Ref. 


Rubbed glass 


10 


200 


8 X 10" 5 


43(a) 


Polished glass 


200 


1000 


2.4 X tO -4 


43(b) 


(diamond paste) 










Diamond pencil 


10000 


<\0fi 


15 X 10' 7 


47 


scratches 










Evaporated SiO,60° 


100 


200-400 


6 X 10"" 


44(a) 


Gratings 


250 


3200 


1.2 X 10~ 4 


54 



a U is the excess energy of the nematic liquid crystal aligned perpendicular to the grooves over 
its energy when it is aligned parallel to them. Calculated from U = [\/4)KA V assuming a unique 
elastic constant K = 10" il N. 
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If the different elastic constants of the LC are taken into account, calcula- 
tions 47 indicate that for Kn > 3Kn a metastable configuration exists where n 
is ± to d which cannot be observed, as K22 *- Km/2 for LCs. 

Grooving does not influence homeotropic alignment provided the surface 
profile is symmetrical (Figure 9a'), Silanes or silicones deposited on grooved 
surfaces still induce homeotropic alignment, 20 ' 157 Sawtooth profiles may pro- 
duce an average tilted orientation in the bulk of a LC 44 (Figure 10), as will an 
unsymmetrical coating of the grooves. 108 Considering that the LC molecules 
are either lying parallel to the substrate or orthogonal to it 11 Ib three configura- 
tions of the LC may exist. 7 In the case of Figure 9a' the elastic energy of the LC 
layer is not a minimum and it will not be observed on a sinusoidal profile as 
described in Figure 8, 




c 

FIGURE 9 On grooved surface, parallel or homeotropic alignment may be observed depend- 
ing upon the spatial period to amplitude ratio. 
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A three dimensional profile will create an alternation of peaks and valleys 
and constrain the LC to take the configuration of Figure 9b. 

Depending on the width to depth ratio as compared to the molecular di- 
mension the following situation may occur: if the substrate tension energy is 
high the molecules will lie flat on the surface but the bulk average will be 
horneotropic (similar considerations are found in Ref. 57). Lowering the sur- 
face tension energy by surfactant adsorption will orient the molecules perpen- 
dicular to the surface resulting in an homogeneous alignment. 

Experimental evidence will be published later. J It requires that the depth of 
the hole be bigger than its width and the spacing of two pits is of the order of, 
at least, three molecular dimensions (i.e., 60 A as LC molecules typically have 
length of 20 A and width of 6 A). 

II.2.2 Mixed alignment 

The alignment of LCs on parallel orienting surfaces with patches of a horneo- 
tropic aligning agent has been considered in § 1.1.7. 

Obliquely (0 > 15°) evaporated SiO x layers align LCs homogeneously. An 
additional tangential evaporation (0 < 15°), which would otherwise produce 
a tilt angle of 25°, permits the selection of any orientation (±3°) of the LC 
molecules between 0° and 25°, as the asymmetry of the grooves increases, Dep- 
osition of a dense layer of a horneotropic aligning agent (see § II. 1.8.) on a 
symmetrically grooved surface (either rubbed or obliquely evaporated) will 
not change the horneotropic orientation, 69,17 but as the first monolayer is ori- 
ented normal to the surface, a distortion exists in the LC layer. When such a 
horneotropic aligning layer is deposited on a nonsymmetric layer, producing 
a tilt angle <£, the complementary, <f> + -rr/2, tilt angle is observed (Fig- 
ure 3). 5 ' 20 ' 157 1 

11.3 Anchoring energies 

II. 3. 1 Anchoring energies and the interfacial layer 

The interactions of the LC molecules with the surface have to be taken into 
account when considering the LCs static deformation. 

The energy of interaction, W Bi can be expressed phenomenologically as the 
sum of an isotropic energy term, W 0 , an in-plane (twist or torsion) anchorage 
and an out-of-plane (azimuthal) anchorage: 

W B =W Q +W* + W e , (3.1) 

where the angles are as indicated on Figure 1 1. The angular dependence of 
and W 6 can be described 153 by 



f Similar observations have been reported in Appl. Phys. Lett. 36, 144(1980) by W, R. Heffner 
et al 

% F. Gharadjedaghi, "Liquid crystal alignment techniques producing controllable tilt angles" 
presented at the 4th Liquid Crystal Conference of Socialist Countries, October, 1981. 
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FIGURE 10 Unsymmetrical grooves may induce tilted alignment (case b) as evidenced by a 
rheographic model. (From Ref. 44). (a)<£ = 0ionsurface = fa — rr on surface 2, ^ — 0.(b) 
<t> = 4>\ on surface 1, 0 = fa on surface 2, 0 — fa[n/{n — fa + <£r)]- 



FF 4 = B* sin 2 0, (3.2) 

We^Wo* Be sin 2 0. (3.3) 

In the physical chemistry of surfaces, interfacial interactions are usually de- 
scribed by the surface tension of both phases. 

When a liquid of surface tension ?lv comes into contact with a solid of sur- 
face tension y S v°, and interfacial layer builds up whose energy ysL (identical to 
W 9 ) is 

ysL = ysv* + 7lv - Wa, (3.4) 
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FIGURE 1 1 Definition of in-plane and azimuthal anchoring energies. 



where y S v° is the solid surface tension at equilibrium with liquid saturated 
vapor (which is related to the solid-vacuum interface free energy ys and the 
adsorbed liquid layer surface pressure no by y S v° = ys — tt°) and W* is the 
adhesion energy which may be approximated 159 by 

W a = 2V7sv d 7lv. (3.5) 

The solid surface energy, ys, is not directly measurable and depends on the 
surface preparation and history, but for inorganic substrates y is calculated to 
be >0,2 J m~ 2 , in agreement with values obtained from heat of immersion 
measurements. 121 For polar liquids the surface pressure 7r 0 exceeds 0.1 J m" 2 
leading to y S v° values >7 X 1(T 2 J m~ 2 (Ref. 117) (the surface tension of an 
inorganic substrate covered with a water layer). 

In the case of a liquid of y L v = 3 X 10" 2 J m" 2 , which is typical for LCs, the 
interfacial layer energy ysL is obtained from (3.4) and (3.5) giving ysL = 8 X 
10" 3 J m~ 2 . 

The thickness of the interfacial layer is not known precisely but it extends 
over at least 100 A in a resistive liquid with LC molecular dimensions. 

From the interfacial energy profile as sketched in Figure 12, one sees that 
the anchoring energy varies with the distance from the surface. 

The excess energy of the interfacial layer produces in nematic LCs a higher 
ordering which creates the smecticlike layer described in § II. 1.6. As surface 
tension exerts a force normal to the substrate, there is no dependence of the 
interfacial energy on the in-plane orientation of the molecules. 

II. 3. 2 In-plane anchorage energy 

The torsion anchorage, W+ f results from substrate nonuniformity which may 
be controlled, for instance, by uniform grooving of the surface (Figure 8), in 
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Shearplane 

Wj 



> — V- 

' l>110A 



Smectic like layer 



FIGURE 12 The surface-LC interaction energies vary with the dista nee to the surface. Close to 
the surface an ordered Jayer is related to the smectic organization. There exists a shearing plane at 
a distance where the energy of elastic deformation equals the excess energy due to surface 
interactions. 



which case W+ may be calculated (see § II. 2; W+ s £/). w+ may be roughly 
estimated from the width, h 9 of surface disclination lines 153 

* 2 d 2 

(where d is the LC layer thickness), or measured from the variation in twist 
angle of a twisted layer subject to a magnetic field. 155 As both experimental 
measurements and the elastic alignment theory relate to the alignment beyond 
the smectic layer, calculated and experimental values, as compared in Table 
X, show that the orders of magnitude are in fair agreement. In every case the 
torsion anchoring energy is higher than the bulk twist energy 

W^ 6i = K<j> 2 r/2d^ 10" 6 Jm~ 2 

(0t = twist angle, See Ref. 158). 

In a twisted nematic layer, minimizing the bulk free energy leads to the 
equilbrium condition d<f>/dz = constant. In the vicinity of the substrate it is 
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FIGURE 13 Definition of the "extrapolation length." Weak in-plane anchoring corresponds 
\ob<d. (From Ref. 156). 

expected that this condition does not hold 156 and extrapolation of the linear 
variation of 0 Wl to <f> = 0 occurs at z = ~~b (Figure 13). The "extrapolation 
length" b = K/B<t> would in this case define the condition of strong anchor- 
ing. The twisted nematic layer behaves as if it had a thickness d + 2b\ thus 
the anchoring is strong if 2b < d. 
The threshold voltage under applied electric field is given 157 by 



As the torsion anchoring energy on grooved surfaces may vary from 5 X 10" 
to 10" 4 J m" 2 (Table IX) the extrapolation length may reach 2/x for a typical LC 
cell (d = 10" 5 m) (AT = I(T n N). In fact we have not found experimental evi- 
dence for the extrpolation length. 



IL3.3 Azimuthal anchorage 

As W$ is independent of the interfacial interactions on uniform surfaces, the 
anchoring energy reverts to the energy of the azimuthal anchorage, which is 
equal to the difference between the interfacial energy when the LC is aligned 
parallel or perpendicular. Let f(0) and ^(rr/2) be the values of the physical 
property f in both orientations 



We = Wo + Be sin 2 0 = y SL (0) + ysii — - ysi/0) sin 2 0 . (3.7) 




(3.6) 
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(3.8) 



There is no reliable data on these values for LCs. No account has been taken of 
the surface pressure in the literature. As on inorganic substrates LCs prefer to 
be parallel to the substrate, tto(O) > 7ro(7r/2) and the anisotropy is not ex- 
pected to be large. The LC surface tension anisotropy, y = ylv(o) — 7LVw2)is 
estimated to be + 4.5 X 10" 5 J m" 2 for MBBA 66 and 5 X 1(T 6 J m" 2 for 5 CB 
(102 a). The difference in adhesion energy between the parallel and per- 
pendicular orientation has been deduced from experimental data at the 
glass/MBBA interface to be 6.2 X 19~ 3 J nf 2 (8 c) and is calculated to be 
7.16 X 10~ 3 J nf 2 for PAA on glass (102). 

Thus the energy in the interfacial layer is mainly determined by the adhesion 
energy. From (3.8) one gets: 



This large difference in the surface energy means that the orientation of the 
interfacial layer cannot be modified by elastic deformation of the LC where 
the energy is at most 10" 5 J m" 2 . In this case, 138 one should not minimize the 
bulk plus surface energy, but minimize the bulk energy and require the boun- 
dary conditions to be satisfied at the surface. 
Writing the LC layer energy as 



is tantamount to putting a flea on an elephant and minimizing the weight of 
the flea to lower the weight of the combined system. A LC layer of thickness d, 
homeotropically oriented and subject to a magnetic field directed parallel to 
the substrate will change its orientation beyond a distance d c : 



as observed 138 on a homogeneously aligned drop of PAA deposited in a hole 
drilled in a crystal sheet, and subjected to a magnetic field perpendicular to the 
substrate. Azimuthal anchoring energies are either estimated from surface 
disclination lines 153 or measured by magnetic deformation of homeotropically 



Be = ySL{n/2) ~ ySL(O) ~ ^a(O) — W % 



•(f) 



= 6X 10~ 3 J m" 2 . 




ALIGNMENT OF LIQUID CRYSTALS 



63 



TABLE XI 



Experimental values of the angular coefficient B 9 of azimuthal anchoring energy W 9 



Substrate 


LC 


Bb 

(lO^Jm" 2 ) 


Method 1 


Ref. 


Air 


5CB 


4 


DA 


120(a) 


SiO, (30° + 5°) 


6CB 


2.1 


Cm 


109 


Glass + R„N + Me 3 X" 


MBBA 


3 


MD 


75 


Glass + NH 2 C„H 2fl+ i 


MBBA 


2 


MD 


155 


Glass + NH 2 -C 7 H 15 


MBBA 


2.6 


SD 


5(a) 


Glass + lecithin 


MBBA 


3 


MD 


75 


Glass + DMOAP 


MBBA 


6 


MD 


75 


ln 2 0 3 + DMOAP 


MBBA 


10 


MD 


75 


\uiO-i -f lecithin 


MBBA 


6 


MD 


75 


ln 2 0 3 + NH 2 C 16 H 33 


MBBA 


3.5 


MD 


75 



a Method: DA, differential anchoring; A/7, birefringerence; MD, magnetic deformation; SD, 
surface disclination. The order of magnitudes of B B compared to the experimental surface tension 
anisotropy. MBBA: 7,, - 71 ~ 4.5 X 10" s J m" 2 [Ref. 75(b)]; 5CB: y»-yx~5X 10" 6 J m~ 2 
[Ref. 120(a)]. 



oriented layers where (3.9) should apply, Thei?0 values obtained are weak and 
comparable to the LC surface tension anisotropy (Table XI). This difference 
between calculated and experimental values would correspond to a deforma- 
tion of the LC layer where the LC is not affected by the surface potential and 
Be ~ t(0) ™ y(w/2). 

On inorganic layers where a LC would normally align parallel to the sub- 
strate, even though the anchorage is strong, weak interactions are observed as 
the perturbed part of the nematic layer interacts with its smecticlike interfacial 
layer. The same situation is probably observed on most adsorbed surfactant 
layers. With ft«5X 10" 6 J m" 2 the anchorage parameter of Ref. 158 



is about 1 for a LC with K « I0" 11 N and a cell thickness of d = 10/x. 

Thus one may wonder whether it would be possible to observe weaker an- 
chorage than now known. On polymeric films surface interactions are 
strongly reduced and the interfacial layer may disappear, but very often ho- 
meotropic alignment is observed on these surfaces. 

II. 1.4 Conclusions 

As phrophesized sixty years ago 23 : 

"Les actions auxquelles obeissent les liquides anisotropes, qui se revelent par des struc- 
tures si variees, pourront sans doute plus tard se resumer en quelques lois tres simples. 
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Bien que ces dernieres ne soient pas connues, on est en droit de penser, d'apres les ob- 
servations tres nombreuses recueillies jusqu'a ce jour, qu'elles feront jouer un role tres 
important aux actions superficielles qui reglent Torientation du liquide au voisinage de 
la surface, dans la couche capillaire, et les distingueront nettement des actions inter- 
ieures qui fixent Torientation du liquide par rapport a lui-meme dans toute I'etude de 
sa masse. Aux premieres se rattachent par exemple les plages orientees a la surface du 
verre: aux secondes les coniques focales, les fils/' 

Mastering the alignment of LCs requires the control of the smecticlike interfa- 
cial layer. In addition to the difficulties of obtaining uniform and clean sub- 
strates, pure LC and well defined aligning layers free of solvents and ionic con- 
tamination, LC molecular structure gives rise to complicated interactions. 
Constituted of an aromatic core having strong dispersive interactions with the 
substrate, an alkyl chain tending to orient perpendicularly to thesurface as the 
chain length increases, and a polar group which may counteract the other part 
of the molecules minimum energy, LC molecules open wide fields to 
speculation. 

Theoretical expectations are summarized in Table (XII). Nevertheless, even 
if all aspects of LC orientation are not under control, as is also the case for the 
physical chemistry of surfaces, reproducible and well defined alignment can 
be obtained, as described in the last paragraph. 

In general, inorganic substrates lead to nonuniform parallel alignment, the 
conditions that lead to homeotropically aligned LCs on these surfaces have 
not been defined. Rubbing will provide uniformity; it is best achieved on soft 
polymeric layers. Homeotropic alignment is observed in the absence of inter- 
action with the surface as in suspended films, on low energy polymers and on 
adsorbed surfactant layers. The very first organized layer reaches its equili- 
brium slowly and determines the final nematic crystal structure. 

Ill RECOMMENDED PROCEDURES 

Alignment problems arise frequently in laboratory experiments where LCs 
and temperatures vary. It is therefore desirable to use procedures which have 
been well tested. The use of good alignment layers allows experiments involv- 
ing a LCs physical properties to be performed without the use of cumbersome 
magnets. 

The success of any aligning process depends upon the substrate and the 
cleaning procedures employed. The alignment of a LC may be studied on 
metal or crystal surfaces, but it is more usual to employ transparent 
substrates. 

Glass, quartz, silicon coated glass, or transparent conducting coatings 
(Sn0 2 , ln 2 0 3 )— patterned or otherwise— are most frequently employed. One 
should be aware of the many varieties of glass compositions available and the 
various manufacturing methods (pulled, floated, fire polished) which lead to 
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TABLE XII 



Alignment expected from substrate/LC interaction characterized by the dispersive and polar 
components of the solid and LC surface tension 



Liquid crystal 








Surface 








Surf, tension 
7. = yl + y* 


Surf, state 


Ae>O a 


Ae<0 


Ae > U iiKl) 




Smooth 




A 












polar surfaces {yl > yt) 


Activated 
oxides 
diacids 


Sym 
grooves 


± 


II 

[ 


have y* > y c \ 




Unsym grooves 


± 

i 








Tridimensional 0 
pit array 


II 


± 




yl>yl 


Smooth 


X 


X 




Humid oxides 
polymers 
fatty deriv. 


Sym grooves 


II 


1! 


X ± 




Unsym grooves 


1 
1 

| 


i 

■ t, 

i 


1 1 

f -f 




Tridimensional 
pit array 






ii ii 



a Ae gives an indication of the LC polarity. 

b This case is not experimentally very well documented. 

c Regularly repeating tridimentional array of peaks and valleys. 

d Homeotropy due to tridimensional array does not depend upon LCs nature while that due to 
absence of interaction does. 

' Jf and -j- = tilted alignment. 
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different interactions with the LC to be aligned. The use of an acid bath to 
clean the substrate changes its properties towards certain classes of LCs. 
These considerations are not too important if thesubstrate is to be coated with 
a polymeric or oxide layer, but they are essential when silanes or surfactants 
are to be employed as aligning agents. More reproducible results are always 
obtained on an underlying coating. 

The following methods have been widely used with success and give good 
results with most combinations of substrate and LC. 

111.1 Cleaning 

Cleaning of solid substrates is still an art despite the considerable amount of 
work done on it. 160 Our studies use either a detergent bath or dipping in boil- 
ing sulfuric acid followed by thorough 18 Mfl water rinse and centrifuge 
drying. 

Other methods may be found in the literature, as for instance in Ref. 159. 
A very important step in any cleaning procedure is the drying, which has to 
be effected rapidly, i.e., under a high pressure stream of gas, 

111.2 Parallel alignment 

Alignment by the rubbing of a substrate has been reviewed. In the laboratory, 
uniform alignment will be difficult to obtain reproducibly on every sub- 
strate. Industrial processing employs sophisticated machines. Rubbing by 
hand with a woven material or a polishing paste can only be expected to give 
uniform and reproducible results on soft substrates (glass or polymers). 

III.2.1 Rubbed PV A 

Thin polymeric films are best deposited by spin coating. A spinner may easily 
be constructed for laboratory uses. Polyvinyl alcohol (PVA) is commercially 
available in different grades (Wacker Polyviol®), but it appears that its align- 
ing properties are not related to the grade used. We currently use the M 1 3/ 140 
grade, which is very soluble and produces uniform films. 

An aqueous solution (3%) is filtered on 0.5/Lt millipore filters and deposited 
on a spinning (4000 rpm) substrate at room temperature. The deposited film 
(d ~ 1000 A) is dried at 80°C for 30 min and subsequently rubbed with a tex- 
tile cloth. Uniform alignment with a very low tilt angle is obtained on all sub- 
strates and with most LCs. 

I II. 2. 2 Rubbed polyimide 

Although PVA forms good aligning layers it is water and temperature sensi- 
tive. Polyimide is a very stable polymer. Films may be formed on a solid sub- 
strate from a monomer solution of an acid anhydride and a polyamine. Such 
solutions in N-methylpyrrolidone are commercially available (Rhone Pou- 
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lenc, Nolimide 32). The deposition of a uniform film is more difficult than 
with PVA. 

Spin coating is effected as described above from a 1/10 diluted solution and 
the resulting deposit dried at 80°C for 30 min. The soft prepoiymer is then 
rubbed. Polymerization is achieved by curing in two steps, 130°C, 30 min, fol- 
lowed by 200°C, 30 min. 

III. 2.3 SiO x evaporation 

If an evaporator is available, SiO* evaporation is the easiest way to obtain sta- 
ble, uniform, reproducible alignment in the laboratory, provided that the sub- 
strate is flat and homogeneous. Uniform alignment with varying tilt angles 
may be obtained by variation of the angle between the substrate plane and the 
direction of the incident beam. Parallel alignment is obtain for a 30° angle. 

Pure silicon monoxide (Balzers 99.99) is evaporated by techniques which 
are well known 161 : boat temperature 1300-1400°C, p^ 10" 4 mm Hg, air 
bleeding. Typical thicknesses are 200-300 A. (MgF 2 may also be used.) 



111.3 Homeotropic alignment 

There are at present no entirely satisfactory methods to obtain easy, reproduc- 
ible homeotropic alignment free of complications (short lifetime, conductivity 
increase, etc.); for experimental evaluation the following methods give good 
results. 

IIL3.1 Lecithin (DMO AP) 

The easiest way to obtain a homeotropically aligned LC layer is to sandwich it 
between lecithin coated layers. A solution of natural egg lecithin (Merck 5331) 
in a volatile solvant (e.g., alcohol) is used and the substrates are either spin- 
coated or dipped in the solution. The concentration is unimportant but the use 
of a dilute (1%) solution avoids the formation of spots. The coating is rinsed 
with the solvent and dried at 80°C for 30 min. 

Alignment of most LCs is obtained in a direction orthogonal to the sub- 
strate plane without any tilt. There is no variation of the orientation with 
temperature, but the LC conductivity is increased. With the same technique 
DMOAP [dimethyloctadecyl-3-(trimethoxysilyl)propylammonium chloride, 
Petrarch 09745] gives similar results and drawbacks but is somewhat more 
substrate sensitive. 

III.3.2 DMCS 

For the alignment of positive LCs (the technique fails in the case of many neg- 
ative Ac LCs) a polymethylsiloxane, insulating, homeotropically aligning 
layer may easily be formed on the substrate from a Dimethyldichlorosilane 
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(Fluka 40140) solution 10% in toluene) by dipping the plate for 1 5 min at room 
temperature. The coating is rinsed with isopropyl alcohol and cured at 100°C 
for 30 min. 

111.4 Tilted alignment 

III.4.1 Tangentially evaporated SiO x 

As previously stressed, tilt angle is a bulk average, depending on both the sur- 
face state and the LCs elastic constants. It is thus difficult to know with preci- 
sion the tilt angle one will obtain with different LCs sandwiched between the 
same plates. A tilt angle of 15° to 30° will be obtained on tangentially evapo- 
rated SiO,. The evaporating conditions are the same as in § III. 2. 3. 

IIL4.2 Crossed evaporation 

To obtain angles between 0° and 30° it is possible to deposit a thin layer of 
tangentially evaporated SiO* on top of a 30° evaporated layer (low angles) or 
the reverse (high angles). Care must be taken to rotate the substrate by 90° 
between each evaporation as the nematic director is oriented perpendicular to 
the evaporation direction for tangentially evaporated layers. 

III.4.3 "Tilted homeotropic" alignment 

To obtain a slight tilt angle from the direction normal to the substrate a 
homeotropic aligning agent (e.g., Lecithin or DMOAP) is combined with one 
of the above methods (4.1., 4.2.). The procedure is as outlined in § III. 3. 
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